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Different  Rapid  Thermal  Annealing  techniques  have  been  employed  to  achieve 
damage  removal  and  electrical  activation  of  dopants  in  ion  implanted  Hgj^Cd^Te 
(x=o.2,  0.3).  As  seen  by  Rutherford  Backscattering  Spectrometry  combined  with 
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channeling  and  Auger  measurements  annealings  with  a  C02  laser  or  a  flash  lamp 
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lead  to  good  removal  of  Implantation  damage  without  causing  changes  in  the 
stoichiometry.  These  techniques,  however,  suffer  from  complexity  and  lack  of 
reproducibility.  The  new  simple  method  for  RTA  of  mercury  containing  crystals  , 
Annealing  by  immersion  in  a  hot  U£rcury  g^th  (AMEBA)  which  we  have  developed 
within  the  present  project  was  found  to  be  comparable  to  other  more  complicated 
techniques  as  for  improving  the  electrical  properties  of  HgCdTe  as  deduced  from 
Hall  and  differential  Hall  measurements .  ^The  conductivity  of  as  recrystallized 

p  type  samples  can  be  converted  to  n  type/with  a  low  carrier  concentration  and  a 

/ 

high  mobility:  The  mobility  of  n- type  samples  can  be  increased  following 
immersion  annealing  in  a  hot  tig  bath  and  B  implants  can  be  electrically 
activated  by  this  simple  technique.' 
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i .  Statement  of  the  problem  and  background 

Hg^CdJe  (with  x=o.ii  0.3).  is  presently  the  most  widely  used 
semiconductor  for  the  fabrication  of  Infrared  detectors.  Its  band  gap  can 
be  tailored  to  cover  the  two  atmospheric  windows  for  infra  Red  radiation,  3-s 
pm  and  8-i4  pm  respectively,  ihe  doping  of  this  material  is.  however, 
complicated  by  the  fact  that  Its  electrical  properties  are  determined  by  defects 
and  deviations  from  stoichiometry  and  not  only  by  electrically  active 
Impurities.  For  example,  as  grown  HgCdTe  is  usually  Hg  vacancy  rich  and 
therefore  presents  a  high  p  type  conductivity  with  low  mobility. 

Ion  implantation,  a  well  established  technique  for  controled  doping  of 
semiconductors  leads,  when  applied  to  HgCdTe,  to  the  formation  of  an  n* 
layer  which  penetrates  a  few  microns  into  the  crystal  and  Is  attributed  to 
electrically  active  Implantation  Induced  damage  [1-2].  The  fact  that  the 
damage  Itself  is  n  type,  Is  utilized  in  most  Infrared  devices  fabricated  in 
H9l-xCdxTe  ( x=0 . 2 .  0.3)  up  to  date.  In  these,  however,  the  advantages  of  the 
control  of  the  junction  depth  and  electrical  profile  which  Implantation  doping 
can  offer,  are  clearly  lost.  Several  successful  attemps  to  anneal  out  the 
radiation  damage  and  to  achieve  real  chemical  doping  In  HgCdTe  have  been 
reported  in  the  last  few  years  [3-«].  The  difficulties  encountered  in  the 
annealing  of  MCT  stem  from  the  tendency  of  the  material  to  lose  Hg  upon  heating 
which  alters  its  stolctlometry  and  electrical  properties.  Hence  the  necessity 
of  performing  the  post  Implantation  annealing  either  under  an  overpressure  of  Hg 
or  on  encapsulated  samples. 


In  our  proposal  we  have  suggested  to  utilize  rapid  annealing  techniques, 
which  have  the  advantages  of  heating  the  sample  up  to  temperatures  close  to  the 
melting  point  for  short  times  (a  few  seconds),  as  under  such  conditions 

minimal  stoichiometric  changes  may  be  expected.  The  first  method  for  obtaining 

rapid  heating  was  by  exposing  the  sample  to  short  pulses  from  a  CO}  laser.  In  a 
serle  of  publications  (7*9)  we  have  shown  that  this  annealing,  when  applied  to 
HgCdTe  (x«o.j),  removes  the  implantation  damage  and  activates  the  implants 
without  causing  changes  in  the  stoichiometry.  P/n  photodiodes  were  produced  by 
activation  of  P  implants  In  HgCdTe  x»o.29  annealed  by  a  single  O.a  sec  pulse 
from  a  C02  laser.  Our  first  objective  was  to  perfect  this  technnique  In  order  to 

obtain,  in  a  more  reproduceable  way  p  on  n  diodes  in  HgCdTe  (x=0.3)  and  to 

extend  It  to  the  narrower  band  gap  HgCdTe  (x=o.2)  .  The  second  technique  we  have 
proposed  was  to  achieve  Rapid  Thermal  Annealing  (PTA)  by  subjecting  the  samples 
to  intense  light  in  a  flash  lamp  ( "HEATPULSE")  instrument.  This  technique  has 
proven  to  be  very  efficient  for  the  annealing  of  other  compound  materials  for 
which  one  of  the  components  has  a  high  vapor  pressure  ( GaAs ,  InP.CdTe...)  . 
Therefore,  we  have  planned  to  adapt  the  R.T.A.  technique  to  H9|.„CdxTe  i.e.  to 
find  the  optimum  experimental  conditions  (time,  temperature,  cap)  to  achieve 
removal  of  implantation  damage  and  activation  of  the  dopants.  The  next  section 
describes  the  work  carried  out  on  C02  laser  annealing  and  heatpulse  annealing 
and  presents  a  new  and  very  promissing  annealing  method  i  'Annealing  by 
Immersion  In  a  hot  tl£rcury  fifith  (AMEBA)'  developed  by  us  In  the  course  of  the 
present  research,  and  which  is  an  alternative  RTA  method  particularly  suitable 
for  the  annealing  of  Hg  containing  crystals. 


•  J  • 


2.  Results  and  discussions 
2 . t .Development  work  on  the  CQ^  laser  annealing 

In  our  previous  studies  of  COj  laser  annealing  of  Hg(_xCdxTe(x=o.J) ,  we  have 
encountered  some  difficulties  In  measuring  the  sample  temperature  and 
maintaining  a  uniform  temperature  on  the  specimen  surface.  In  the  Improved 
arrangement  a  beam  homogenlzer  consisting  of  a  simple  rectangular  cavity  made 
of  four  polished  stainless  steel  plates  was  added  to  avoid  'hot  spots’  on  the 
sample  surface  during  C02  laser  irradiation.  The  temperature  uniformity  was 
also  achieved  by  using  Indirect  heating  of  the  Implanted  surface  by  exposing  a 
quartz  plate  .  In  good  contact  with  the  sample,  to  the  photons  from  the  C02 
laser.  The  quartz  served  both  as  an  absorbing  medium,  a  temperature  diffuser 
and  a  proximity  cap  for  the  specimen.  Steady  state  temperatures  could 
be  obtained  by  the  simultaneous  heating  the  sample  by  the  laser  and  its  cooling 
by  a  Jet  of  gas.  Because  of  the  rareness  of  HCT  samples  we  have  performed  the 
experiments  on  InSb,  an  IR  material  which  also  tends  to  change  stoichiometry 
upon  heating.  In  ref.  [ic]  (see  enclosed)  ,  we  have  shown  that  good  annealing  of 
Ion  implanted  InSb  can  be  achieved  with  this  arrangement.  The  annealing 
quality,  as  determined  from  RBS  measurements,  was  comparable  to  that  obtained  by 
furnace  annealing.  Auger  electron  spectroscopy  was  used  to  check  whether  the  C02 
laser  annealing  has  caused  major  changes  In  the  near  surface  stoichiometry.  The 
results  have  shown  that  only  the  topmost  200A  have  been  affected  by  the 
annealing  procedure. 
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Nevertheless,  this  method  suffers  from  two  difficulties:  i)  The 
determination  of  the  real  sample  surface  temperature  is  problematic  because  it 
depends  on  the  thermal  contact  with  the  quartz  plate.  2)  The  annealing 
reproducibility  is  hard  to  obtain  because  of  inherent  variation  in  laser 
output. 


The  'Heatpulse'  Instrument  available  at  the  Technion  for  Rapid  Thermal 
processing  was  a  multiuser  system;  hence  its  contamination  by  Hg  or  other 
volatile  materials  which  may  be  evaporated  during  Rapid  Thermal  Annealing 
Experiments  was  highly  undesirable.  In  order  to  enable  the  enclosure  of  the 
samples  during  processing,  two  boxes,  fitting  into  the  Heatpulse  Instrument, 
have  been  constructed,  one  made  of  high  purity  graphite  and  the  other  of 
quartz.  Both  have  been  tested  on  Si  samples  with  thermocouples  glued  onto 
them.  The  thermal  response  of  the  quartz  box  seems  superior  to  that  made  of 
graphite.  The  sample  to  be  annealed  was  placed  on  a  Si  wafer  onto  which  a 
thermocouple  had  been  glued.  Because  of  the  small  heat  capacity  of  the  sample 
arrangement,  fast  rise  times  of  the  sample  temperature  could  be  obtained. 

Using  the  Heatpulse  in  the  "power  mode",  good  control  of  the  sample  temperature 
in  the  required  range  of  300-400C  could  be  obtained.  We  have  shown  that 
Heatpulse  annealing  performed  at  aooC  for  10$  totaly  removes  the  damage  created 
by  implantation  in  InSb  as  seen  by  R.B.S.  experiments  [ i o ] . 


i 


These  first  annealing  experiments  carried  out  with  a  C02  laser  or  with  a 
Heatpulse  yielded  some  promissing  preliminary  results  with  regard  to  the  removal 
of  Ion  Implantation  damage.  However,  these  techniques  suffer  from  a  lack  of 
reproducibility  and  accuracy  of  the  experimental  conditions  (time, 
temperature).  The  need  to  combine,  in  a  single  annealing  technique,  well 
defined  temperature  and  time  and  a  Hg  atmosphere  has  led  us  to  the  development 
of  a  neu  simple  annealing  technique  which  fulfils  these  requirements,  Annealing 
by  Immersion  In  a  hot  (Jgrcury  Bath  (AMEBA).  hence  the  deviation  from  the 
original  proposal. 

2 .3  Development  of  a  new  annealing  method:  Annealing  bv  Immersion  in  a  hot  Ho 
Bath  (AHEBA). 

2.3.1.  Presentation  of  the  AMEBA 

We  have  developed  a  new  simple  annealing  technique  which  doesn't  require 
any  encapsulation  yet  Is  performed  In  a  Hg  rich  atmosphere.  Tne  main 
idea  Is  to  dip  the  sample  to  be  annealed  in  a  hot  Hg  bath  in  such  a  way  that 
It  will  experience  the  temperature  of  the  liquid  for  the  well  known 
Immersion  time,  will  be  in  a  Hg  rich  atmosphere,  yet  not  In  contact  with  the 
liquid  Itself.  In  a  preliminary  version,  the  sample  was  sandwltched 
between  two  SI  wafers  and  Immersed  In  the  bath,  the  temperature  of 
which  was  controlled  by  a  thermocouple  connected  to  a  temperature 
controller.  It  turned  out,  from  Hall  effect  measurements,  that  following 
the  Initial  AMEBA,  the  sample  showed  strong  n  type  conductivity. 


This  phenomenon  was  found  to  be  associated  with  a  wetting  of  the  sample 
periphery  by  liquid  Hg.  To  overcome  this  problem  the  sample, 
sandwiched  between  the  two  Si  platelets,  was  placed  In  a  small  box 
(first  made  of  graphite  and  finaly  of  stainless  steel)  the  dimensions  of 
which  fit  tightly  those  of  the  Si  platelets.  The  box  was  closed  by  a  lid 
with  a  fine  thread  which  pressed  gently  on  the  whole  assembly  allowing 
Hg  vapor  to  penatrate  but  preventing  any  direct  wetting  of  the  sample.  This 
simple  method  permits  annealings  at  well  defined  temperatures  (below  the 
boiling  point  of  Hg)  and  times  (from  a  few  seconds  to  a  few  hours)  in  a  Hg 
rich  atmosphere. 

2.3.2.  Performances  of  the  AMEBA 


2. 3. 2.1  Removal  of  ion  implantation  induced  damage 

Ion  beam  probing  techniques,  Rutherford  backscattering 
combined  with  channeling  and  Proton  Induced  x-rays  emission,  were 
utilized  to  check  the  near  surface  crystalline  quality  and 
stoichiometry  of  Ion  Implanted  and  immersion  annealed  Hg(>xCdxTe. 

After  a  30  s  AMEBA  at  260C,  the  reduction  of  the  damage  induced  by 
In  implantation  In  Hg^Cd  Te  (x=0.23)  was  found  to  be  comparable  to 
that  obtain  with  classical  thermal  annealing  in  an  ampoule.  Under  such 
conditions  no  noticeable  change  in  stoichiometry,  as  determined  by 


measuring  the  characteristic  x-rays  excited  by  low  energy 
was  protons  could  be  detected  [it* 12]  (see  enclosed)  . 


We  have  Investigated  the  AMEBA  with  regard  to  improving  the 
electrical  properties  of  as-grown  and  Ion  implanted  samples.  Using 
Hall  and  differential  Hall  measurements  we  have  shown  that  this 
technique  is  comparable  to  other,  more  complicated,  annealing 
techniques  as  for  improving  the  electrical  properties  of  Hg^Cd  Te 
( x=0 .21)  samples.  As  -  recrystal ized  p  type  samples  can  be  converted  to 
good  n  type  <M=io5cmV  1 ,  n=iOUcm'3)  following  AMEBA  at  260°C 
fo.  son.  This  annealing,  when  performed  at  2S0C  for  a  few  minutes 
improves  the  mobility  of  undoped  n  type  samples  by  as  much  as  50"4. 
Electrical  activation  of  B  implants  in  Hg0  7?CdQ  2JTe  can  be 
achieved  following  Immersion  for  8'  in  the  Hg  bath  at  3  2  oC [ 1 3 . 1 4  ] .  (see 
enclosed) . 


As  we  have  pointed  out  in  the  introduction,  the  n  type  layer  used  In  the 
Hg^Cd^Te  ( x=0 . 2 ,  o.j)  Infrared  detectors  is  realized  by  ion  Implantation 
induced  damage,  in  which  case  the  electrical  properties  are  governed  by  the 
damage  rather  than  by  impurity  doping.  Interestingly,  the  doping  effects  due  to 
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the  damage  extend  much  deeper  Into  the  crystal  than  the  range  of  the  Implants 
showing  that  the  damage  related  donor  states  can  not  be  directly  associated  with 
simple  point  defects. 

Recently,  we  have  shown  that  Ar.Xe  and  In  implantations  In  HgI>xCdxTe 
( X“0 . 7 ,  Eg<*0.9eiV  which  Is  suitable  for  optical  fiber  communication  at 
i  .J/jm)  have  turned  the  material  highly  resist; ve[u] .  The  study  of  the  nature 
of  implantation  induced  damage  In  Hg,„xCdxTe  for  various  x  and  for  In  and  B  ions 
Is  of  lmpor*-nce  because  of  the  use  made  of  the  damage  as  a. doping  mechanism.  It 
is  however  also  of  basic  Interest  due  to  the  changes  that  the  material  undergoes 
with  x  (bond  strengh,  bond  length,  loniclty..).  For  this,  the  build-up  of  damage 
Induced  by  In  or  8  Implantations  into  Hgt  Cd  Te  for  various  x  <x=o.  x=0.2s, 
x=o.4,  x=0.7,  x=i)  was  measured  by  means  of  Channeling  Rutherfored 
backscatterfng  spectroscopy  (R8S).  It  was  found  that  for  room 
temperature  Implantation  the  damage  was  always  In  the  form  of  extended  defects. 
Damage  profiles  were  extracted  using  a  model  based  on  Quere's  dechanneUng 
treatment.  Despite  the  large  difference  in  bond  nature  and  related  physical 
properties  between  the  different  compositions,  the  gene1  al  trend  In  damage 
formation  wcs  found  to  be  similar  for  all  x  values  studied,  though  displaced  by 
up  to  two  orders  of  magnitude  in  dose,  HgTe  damaging  much  easer  than  CdTe  [io] 

( see  enclosed)  . 

The  transition  upon  heating  from  point  defects,  frozen- in  for  low 
temperature  implantation  in  Hg(>xCdxTe  (x»o.Z4)  ,  to  extended  defects  has 
been  monitored  through  Ion-channeling  experiments  in  the  temperature  range 


ioo-3«oK.  It  was  found  that  defects  formed  by  the  agglomeration  of  frozen- In 
point  defects  are  confined  to  a  depth  which  roughly  corresponds  to  the  Implant 
range;  In  constrast  to  defects  directly  created  by  room  temperature  implantation 
which  extend  much  deeper  into  the  crystals  [17]  (see  enclosed). 


Recently,  we  have  received  from  Or.J.  Oinan  of  the  Night  Vision  and 
Electro-optic  Army  Labs  at  Fort  Belvoir  a  few  electrically 
uncharacterized  HglxCdxTe  (x=0.2J)  epilayers  grown  by  the  close-spaced 
Vapor  Phase  Epitaxy  technique.  The  Hall  effect  characterization,  following  a 
slight  etch,  showed  that  some  of  the  samples  could  not  be  measured,  probably  due 
to  the  presence  of  n  type  Islands  scattered  In  the  p  type  layer,  lhe  measureable 
samples(  sample#  120J84)  which  presented  good  p  type  conductivity  (p77|c=l  * 
io16cm*3  and  ,jp77K=420  cm2V*lS*1)  ,  where  used  to  check  the  feasablllty  of  the 
AMEBA  on  epilayers.  Electrical  activation  of  8  Implants  was  achieved  following 
AMEBA  performed  under  conditions  Identical  to  those  used  for  bulk  HgCdTe  (  352C, 
8'),  as  seen  by  Hall  effect  measurements.  The  possibility  that  the  observed 
behaviour  Is  not  due  to  electrical  activity  of  B  implants  but  Is  related  to  the 
Implantation  damage  or  to  the  Immersion  procedure  was  eliminated  by  performing 
the  same  annealing  on  He- Implanted  and  non  Implanted  samples  (see  results  In 
table  i) . 


Conclusion 


Short  tine  annealing  of  Implanted  HgCdTe  <x«o.3.  0.3)  was  shown  to 
electrically  activat*3lmplants  In  p-type  material.  Particularly  promising  Is 
the  novel  annealing  technique  developed  within  the  present  research  In  which 
defect  ..removal  and  electrical  actl  vatlon.  are  .obtained  by  Immersion  of  the 
Implanted  sample  In  a  hot  mercury  bath  (AMEBA).  This  technique,  which  Is 
extremely  simple  and  inexpensive  .  consistently  activated  B  Implants  „nd 
Improved  the  n- type  properties  of  both  n  and  p  ( vacancy/grown  material  .  It  would 
be  most  desirable  to  continue  the  studies  on  the  AMEBA  technique  and  its 
Implementation  In  achieving  also  p*type  conductivities  and  IR  sensitive  PV 
devices  In  Ion  Implanted  and  annealed  HgCdTe. 
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Electrical  properties  of  B  and  Ne  implanted  and  AMEBA  treated  epi  layers 
measured  at  (B>2000G,  LHj  temperature) 
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Electrical  activation  of  B  Implants  In  Hg079  Cd021  Te  by  Immersion  annealing  in 
a  hot  Hg  bath 

C.  Uzan-Saguy  and  R.  Kalish 

Department  of  Physics  and  Solid  Stale  Institute,  Technion-Israel  Institute  of  Technology, 

Haifa  32  000,  Israel 

(Received  19  April  1989;  accepted  for  publication  5  July  1989) 

Electrical  activation  of  B  implants  in  Hgo„Cd0  j|Te  was  achieved  following  annealing  by 
immersion  in  a  hot  Hg  bath  at  320  *C  for  8  min.  Annealing  of  the  implantation  damage  and 
partial  electrical  activation  was  obtained  after  such  treatment  as  deduced  from  Rutherford 
backscattering  combined  with  channeling  and  differential  Hall  measurements.  The  possibility 
that  the  observed  behavior  is  not  due  to  electrical  activity  of  the  B  implants  but  is  related  to  the 
implantation  damage  or  to  the  immersion  procedure  was  eliminated  by  control  experiments  on 
Ne-implanted  and  on  nonimplanted  samples. 


The  removal  of  implantation-related  damage  in 
Hg,.  ,Cd,Te  and  the  electrical  activation  of  the  implants 
are  complicated  in  this  delicate  material  by  the  tendency  of 
the  damage  to  form  relatively  stable  complexes,  and  by  the 
ease  of  formation  of  stoichiometric  defects.  The  damage  it¬ 
self  is  known  to  be  n  type,  a  fact  which  is  being  utilized  in 
most  infrared  devices  fabricated  in  HgCdTe  up  to  date, 
which  are  based  on  n( damage )-on-/>  structures.  Neverthe¬ 
less,  several  successful  attempts  to  achieve  real  chemical 
doping  in  HgCdTe  have  been  reported  over  the  last  few 
years.'*7  In  these,  post-implantation  annealing  was  per¬ 
formed  at  different  times  and  temperatures  in  either  a  satu¬ 
rated  Hg  overpressure  or  on  encapsulated  samples.  Recently 
we  have  reported11  on  a  new,  extremely  simple,  annealing 
procedure  which  does  not  require  encapsulation,  is  carried 
out  in  a  Hg-rich  atmosphere,  and  enables  very  good  control 
on  the  annealing  temperature  and  time.  In  this  technique, 
ion-implanted  HgCdTe  is  sandwiched  between  two  flat 
clean  surfaces  (i.e..  Si)  and  is  immersed  for  a  given  time  in  a 
liquid-mercury  bath  held  at  the  required  temperature.  By 
employing  ion  beam  probing  techniques  [Rutherford  back- 
scattering  spectrometry  (RBS)  and  proton-induced  x-ray 
emission  (PIXE)]  we  have  shown*  that  good  near-surface 
crystal  quality  (i.e.,  damage  removal)  and  stoichiometry 
(i.e.,  no  Hg  loss)  could  be  achieved  by  this  immersion  an¬ 
nealing  technique.  In  the  present  work  we  report  on  success¬ 
ful  electrical  activation  of  B  implants  in  HgCdTe  obtained 
by  the  above  annealing  method. 

The  experimental  setup  described  in  Ref.  8  was  substan¬ 
tially  improved;  the  major  change  being  that  the  sample  is 
now  placed  in  a  small  stainless-steel  box,  the  dimensions  of 
which  fit  tightly  those  of  the  two  Si  proximity  caps.  A  lid 
with  a  line  thread  enables  closing  the  box  while  gently  press¬ 
ing  down  on  the  assembly  in  a  way  which  prevents  any  wet¬ 
ting  of  the  sample  but  allows  the  penetration  of  Hg  vapor 
when  immersed  in  the  liquid.  The  whole  assembly  is  placed 
inside  a  well-vented  hood.  Four  different  experiments  were 
carried  out  In  order  to  eliminate  any  possible  spurious  effects 
which  may  be  related  to  the  implantation-induced  damage 
or  to  the  immersion  procedure: 

(I)  A  p- type  Hg0„Cdo.,|Te  single  crystal  oriented  in 
the  ( 1 1 1 )  direction  has  been  implanted  at  room  femperature 
with  200  keV  boron  Ions  to  a  dose  of  I X I0U  cm  “  *,  keeping 


the  beam  current  below  30  nA/cm7  to  avoid  sample  heating 
during  implantation.  The  implanted  sample  has  been  im¬ 
mersion  nniicalcd  for  8  min  at  320  *C.  RBS  channeling  ex¬ 
periments,  using  320  keV  protons,  were  employed  to  assess 
the  implantation  damage  and  its  removal  by  the  annealing 
procedure.  Figure  1  shows  the  RBS  spectra  obtained  for  the 
sample  at  its  unimplanted,  implanted,  and  annealed  stages. 
A  random  spectrum  taken  under  nonchanneling  conditions 
is  also  shown  It  is  evident  from  the  figure  that  wilhin  the 
sensitivity  !imit  of  the  channeling  technique,  the  annealing 
has  effectively  removed  all  implantation-related  damage  as 
the  annealed  channeling  spectrum  coincides  with  that  of  the 
virgin  crystal.  The  present  immersion  annealing  technique 
can  also  lead  to  substantial  improvements  of  both  crystallo¬ 
graphic  and  electric  properties  of  as-grown  Hg^Cdo^Te; 
however,  this  work  will  be  reported  elsewhere.9 

(ii)  One-half  of  a/>-type  As-doped  Hgo^Cd,,^  Te  sam¬ 
ple  has  been  B  implanted  and  immersion  annealed  under 
conditions  identical  to  those  of  (i)  above.  The  electrical 
properties  of  the  unimplanted,  implanted,  and  annealed 
sample  have  been  determined  from  van  der  Pauw  Hall  mea¬ 
surements  at  77  K  in  a  magnetic  field  oF2  kG.  The  results  are 
given  in  Table  I.  As  is  evident  from  the  table,  the  annealing 
has  reduced  the  donor  carrier  concentration  by  a  factor  of 
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FIO,  I..  Channeling  Rutherford  backseat terin|  spectra  obtained  In 
Mg,,  „Ctl„,|Te  with  320  keV  protons  showing  the  virgin,  D-Implanted,  and 
Immersion-annealed  spectra.  A  random  spectrum  Is  also  displayed. 
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about  20,  while  increasing  the  mobility  by  (bout  an  order  or 
magnitude  (to  21000 cm’  V-'a*').  Indicating  that  tome 
chemical  doping  was  achieved  by  the  thermal  treatment. 
Differential  Hall  measurements,  performed  by  contrnlled 
etching  of  the  sample  in  a  calibrated  dilute  bromine  in 
methanol  eolation,  have  shown  that  the  carrier  concentra¬ 
tion  peaks  at  a  depth  of  3000  A,  the  junction  being  located 
about  1.3  yrm  below  the  surface  (see  Fig.  2). 

(iii)  The  second  hslf  of  the  ssme  wafer  is  used  for  the  B 
implantation  of  (il)  above  lias  been  implanted  with  320  keV 
Ne  ions  to  •  dose  of  3 X  10' 'em"’.  The  dose  and  energy  for 
this  implantation  have  been  chosen  such1"  that  the  amount 
ofdamage  and  its  profile  coincide  with  those  caused  by  the  II 
Implantation  The  Ne-iniplanted  sample  has  been  annealed 
together  with  the  B-implamed  one,  both  having  hecu  placed 
side  by  side  in  tlie  annealing  "boa"  that  was  immersed  in  the 
hot  llgbalh.  The  reiulia  of  Hall  measurements  following  the 
implantation  and  annealing  of  the  Ne -implanted  sample  are 
also  given  in  the  table.  The  marked  difference  between  the  0- 
and  Ne-imptantrd  and  annealed  samples  Is  evident:  while  as 
s  result  of  the  implsntalion,  both  0  and  Ne  samples  exhibit¬ 
ed  identical  rt-lype  conductivities  attributed  to  radiation 
damage,  (heir  electrical  properties  were  drastically  different 
following  the  annealing.  The  Ne  (a  nondopant  noble  gas) 
implanted  sample  has  relumed  p  type  with  a  very  poor  mo¬ 
bility  while  its  B  (a  donor)  Implanted  "twin”  sample  exhib¬ 
ited  a  clear  n-type  conductivity  with  a  rather  high  mobility 
The  poor  hole  mobility  and  high  carrier  concentration  mea¬ 
sured  for  the  Ne-implanted  and  annealed  sample  may  be 
indicative  of  mixed  conduction,  possibly  caused  by  donor 
activity  due  to  some  residual  noncompletely  annealed  dam 
age 

(iv)  A  sample  cut  from  the  same  ingot  as  used  for  the 
previous  studies  has  been  exposed,  wilhoul  any  implanta¬ 
tion,  to  an  Identical  immersion  annealing  procedure  and  its 
electrical  properties  htve  been  measured  (see  Table  I.  sam¬ 
ple  II).  In  contrast  to  the  Implanted  simples,  this  virgin 
simple  lias  remained  p  type  after  annealing  wilh  a  somewhat 
reduced  mobility,  indicative  for  miaed  conduction,  poasibly 
due  to  •  thin  fl-type  layer  formed  on  the  crystal  surface. 
Indeed,  careful  differential  Hall  measurements  have  shown 
that  bulk  properties  were  reacheo  already  after  etching  of 


FIG.  2  EJrcliicsl  condtfcliriljr  proAfr  n  deduced  from  dMTerrnti«l  Mall 
measurements  on  |l£,MCd|IMTe  ImpU nted  with  B  (10"  cm  \  700  keV) 
and  immersion  annealed  for  I  ai  370  *C  the  calculated  profile  for  this  caw 
n  »b<r*n  for  companion 

about  1000  A,  in  sharp  contrast  to  the  Strong  and  deeply 
extending  /t-lypr  behavior  found  for  Ihe  B  implanted  and 
annealed  sample 

We  have  conclusively  demonstrated  that  the  newly  de¬ 
veloped  immersion  annealing  technique  yields  n  type  con¬ 
ductivities  which  must  be  directly  related  to  It  implants  in 
HgCdTe  This  was  verified  by  carrying  out  control  experi¬ 
ments  on  identically  annealed  samples  which  were  either 
nondamaged  or  purely  damaged  by  the  implantation  of  non 
dopant  ions.  These,  when  annealed,  have  shown  electrical 
properties  markedly  different  from  those  found  for  the  R- 
implanled  sample.  The  depth  profile  found  for  the  donor 
activity  in  the  case  of  D  implantation  is  deeper  than  ihe  ex¬ 
pected  implant  prof'e  deduced  from  range  calculations'" 
(see  I  RIM  profile  in  Tig.  2).  Since  il  Is  known  from  second¬ 
ary-ion  mass  spectroscopy  measurements""  that  B  does 
not  substantially  diffuse  In  HgCdTe  at  the  temperatures  and 
times  relevant  to  Ihe  present  experiment,  we  find  support  in 
the  present  n-type  profile  to  Ihe  explanation  offered  by  Bn- 
bulac"thxt  deep  donor  activities  can  be  attributed  to  bnr un¬ 
related  complexes  snd  possibly  to  a  channeling  tail,  which 
extends  deeper  into  the  crystal  than  the  calculated  I)  profile. 

The  authors  would  like  to  think  Dr.  R.  Tastow  for  Trip 
and  discussions  and  Dr  Richter  for  assistance  in  the  Ion 
implantation  and  Rutherford  bsckscatleiing  experiments. 
This  research  wss  supported  in  part  by  Ihe  U  S  Army  con¬ 
tract  No  DAJA43-*fi-C-On|l 
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ELECTRICAL  PROPERTIES  OF  H|,_  ,Cd,T*  («  -  9.11)  ANNEALED  BY  IMMERSION 
IN  A  IIOT  MERCURY  BATH 


C.  UZAN  SAOUY.  D.  LASER  *.  and  R.  KALISII 
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Annollng  of  llg, .  (Cd  ,Tc  I  I  m  0-21)  tiy  lnwHi*lni  hllM  tig  hall  ha.  |«ta  lnmll|alnl  vilh  leg »td  In  Ihe  fieri  I  lea!  prnfcilkl 
of  oa-gaooo  ami  loo  hnffonlod  aainflca.  Tha  method  l«md  10  be  eompaiahle  hi  other  mme  rompUroterf  anataKnl  lcehnlt|oet  at 
foe  Improving  the  electrical  propeller  of  IfgCdle  deduced  flom  flail  and  differential  Halt  effret  meatotementt.  At  tecryttalllrerl 
p  ttpe  templet  cert  be  convened  lo  good  n-lype  foflowlng  bitmertloo  for  50  Kin  Ihe  tig  belh  el  260  *C.  1  hi  I  annealing.  when  -X. 

performed  el  250*C  lot  Joai  e  few  miniate*.  Improve*  the  mobilil v  of  undoped  nType  templet  up  lo  $0%.  Fieri i *c«  ectlvalicm  of  B 
impfenu  In  llg,  „0dt ,,Te  mn  be  ecWeved  following  Immersion  for  8  min  In  Ihe  llg  el  520*C. 


I.  Ini  reduction 

The  narrow  bind  gap  semiconductor  llg,., 
Cd,Te  with  the  composition  *  -  0.2  it.  up  lo  dale, 
ihe  most  widely  used  material  lor  Ihe  fabrication 
of  infiared  detectors  active  al  about  10  pm.  The 
doping  of  this  semiconductor  is  complicated  by 
Ihe  lad  that  Us  electrical  properties  are  de¬ 
termined  by  defec.j  and  deviations  (torn 
stoichiometry  and  not  only  by  electrically  active 
impurities.  Hg  vacancies  are  active  acceptors,  while 
I  Ig  interstitials  are  believed  to  be  donors.  As-giown 
I  IgCd  le  crystals  grown  by  the  solid  state  recrys- 
tnllizalion  method  are  usually  llg  vacancy  rich 
and  therefore  present  high  p-lype  conductivities 
with  poor  mobility.  Ion  implantation  damaged 
IlgCdTe  slwaya  exhibits  n *  conductivity  with  low 
mobility  (l-.l).  In  both  cases,  whether  as-grown  or 
Ion  implinled,  thermal  treatment  o I  IlgCdTe  is 
often  needed.  This,  however,  must  be  done  under 
such  conditions  that  avoid  Hg  loss  and  sometimes 
even  allow  indiffusion  of  llg.  Post-growth  anneal¬ 
ing  under  Hg  low  pressure  is  known  lo  Improve 
the  mobility  and  reduce  the  acceptor  concentra¬ 
tion.  while,  II  performed  under  llg  overpressure, 
lire  annealing  turns  ihe  material  n-lype  with  high 
mobility  |4).  PoSt-Implantalion  annealing  is  usu- 

*  SCD.  P  O  Bo*  2250.  Ilaila.  Iiesal. 


ally  done  either  under  Hg  pressure  or  on  encapsu¬ 
lated  samples  to  avoid  llg  loss.  Both  these  meth¬ 
ods  are  complicated  since  they  require  capping 
(I.e.  sputter  deposition  of  ZnS  or  of  SiO,  or  growth 
Hg  native  oxide)  or  annealing  under  special  en¬ 
vironmental  conditions  in  closed  ampoules  (under 
excess  Hg  or  noble  gas  pressure).  Recently,  we 
reported  |5)  on  a  new,  very  simple  annealing  tech¬ 
nique.  which  docs  not  require  any  encapsulation 
or  ampoules,  yet  is  carried  out  in  a  Hg  rich 
atmosphere.  In  this  technique.  Ihe  sample, 
mounted  in  a  special  arrangement,  is  immersed  lor 
a  given  lime  in  a  hot  Hg  bath  at  the  required 
temperature.  In  a  previous  publication  |5|.  we 
have  shown  by  employing  ion  beam  probing  tech¬ 
niques  (Rutherford  backscaltcring  (RBS)  and  pro¬ 
ton  induced  X-ray  emiasion  (PIXE))  that  good 
near-surface  crystal  quality  (i.e.  damage  removal) 
and  stoichiometry  (i.e.  no  Hg  loss)  could  be 
achieved  by  this  immersion  annealing  technique. 
In  the  present  work  we  report  on  the  effectiveness 
of  Ihe  Hg  bath  immersion  annealing  with  regard 
to  the  electrical  properties  of  as-grown  and  ion 
implanted  IlgCdTe  samples  We  demonstrate  by 
using  Hall  effect  measurements  that  this  method  is 
comparable  to  other  annealing  methods  as  for 
improving  the  electrical  properties  ol  as-grown 
p-type  and  n-lype  IlgCdTe.  Moreover,  successful 
electrical  activation  of  B  Implants  In  HgCdTe  Is 
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obtained  by  post-:mplantation  immersion  anneal¬ 
ing  (6J. 


2.  Experimental 

The  following  Hgi_j.Cdj.Te  crystals  with  the 
composition  jr»0.21  grown  by  the  solid  stale 
j  recrystallizafion  method  were  used:  (i)  as-rccrys- 

|  tallized  p-lype  samples  *v>-  ISO  un3  V" 1 

j  )/  s-1  and  p(77  K)  —  10,7cm‘/;  (ii)  n-typt  samples 

obtained  after  prolonged  annealing  in  Hg  vapor 
(closed  ampoules  at  T-  260  °C  for  t  -  1  month, 
f  p„(77  K)- 70.000  cm1  V  s"',  «(77  K)-4x 

10M  cm~,):  (iii)  doped  p-type  samples  f/»p(77 
K) -  600  cm1  V1  s"\  p( 77  K)  -  6  X  10,s  cm-5,. 
All  samples  were  (111)  single  crystals;  they  were 
mirror-polished  and  etched  in  a  solution  of 
bromine  in  methanol  followed  by  rinsing  fn  pure 
j  methanol.  The  annealing  apparatus,  placed  in  a 

well-vented  hood,  is  composed  of  a  standard  pyrex 
:  .  flask  filed  with  pure  Hg,  the  temperature  of  which 

%  is  measured  by  a  thermocouple  embedded  in  a 

'  quartz  tube  (fig.  1).  The  annealing  temperature  is 

maintained  at  the  desired  temperature  by  a  simple 
temperature  controller.  The  sample  to  be  immer¬ 
sion  annealed  is  sandwiched  between  two  clean  Si 
wafers  bnd  the  whole  assembly  is  placed  in  a  small 
.  stainless-steel  box,  the  dimensions  of  which  fit 
X  J'a  ’  lightly  to  those  of  the  two  Si  caps.  Alld  with  a  fine 
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thread  enables  closing  the  box  while  gently 
pressing  on  the  assembly  in  a  way(pre vents  any 
wetting  of  the  samples  but  allows  me  penetration 
of  Hg  vapor.  The  volume  above  the  mercury 
surface  is  filled  with  argon  to  avoid  Hg  oxidation. 
The  samples  were  immersed  in  the  hot  Hg  bath 
for  times  ranging  between  5  min  and  50  h  at 
temperatures  varying  between  200  and  356  °C 
(boiling  point  of  Hg).  The  near  surface  crystallin¬ 
ity  was  evaluated  by  Rutherford  backscattering 
(KBS)  combined  with  channeling  in  the  (111) 
direction  using  320  keV  protons.  The  electrical 
properties  of  the  samples  were  determined  by  Hall 
effect  and  differential  Hall  effects  measurements 
at  77  K  using  the  Van  der  Pauw  geometry,  in  a 
magnetic  field  of  2  or  6  kG. 
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3.  Results 


3.1.  Type  conversions  of  as-recrystallued  p-lype 
HRo.ffCdg  }tTe 

Conversion  of  as-recrystnllized  p-type  samples 
to  n-type  was  performed  by  immersion  annealing 
for  increasing  limes  at  260  °C.  This  temperature 
was  chosen  at  it  is  the  temperature  conventionally 
used  when  annealing  is  carried  out  in  a  senled 
quartz  ampoule  with  excess  llg  |7).  Figs.  2a  and 
2b  show  the  changes  in  carrier  concentration  and 
mobility  ns  a  function  of  immersion  time.  In  the 
preliminary  annealings  (samples  1  and  2),  the 
duration  of  Ihe  immersion  was  progressively  in¬ 
creased  to  follow  the  improvement  of  the  electrical 
chnrncleristics  (solid  lines  and  dashed  lines).  Re¬ 
penting  this  process  loo  ninny  times  was  found, 
however,  to  deteriorate  (lie  sample  surfnee  quality, 
and  thus  its  cletlrlcnl  properties.  The  rise  In  ap¬ 
parent  p-type  carrier  concentration  and  the  reduc¬ 
tion  lit  mobility  measured  at  n  magnetic  field  or  6 
kG  In  samQlcVj  (solid  line,  open  circles)  prior  to 
type  conversion  I*  Indicative  of  the  buildup  of  a 
thin  n-typt  layer  on  the  surface.  Following  non-in* 
terrupted  50  h  Immersion  in  the  Itol  llg.  Ihe  donor 
concentration  reached  4  x  10'*  cm"  ’  and  a  mobil¬ 
ity  of  10'  cm’  V"'  a"'  at  2  kG  (sample  3.  solid 
dashed  lines).  ‘Ihe  results  were  found  to  depend 
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The  ■  munition  (mm  point  defects.  frorcruu  nt  low-temperature  ion  implanted  llg,  .Cd.le 
( x  ^  0.24).  to  extended  defects  lias  been  monitored  through  ion  channeling  experiments  in  the 
temperature  range  I00-J60  K  It  is  found  (lint  the  transition  exhibi^time  nod  temperature 
dependencies  characteristic  for  dilTusion  processes  with  exceptionally  low  parameters  1  he 
extended  defects  hirnied  hy  the  agglomeration  of  froxemhr  point  defects  are  found  to  roughly 
correspond  irr  dc(illr  to  the  iniplnnt  range,  itt  crtnlrnst  to  defects  directly  ctcalctl  hy  room- 
icinpernture  implantation  which  extend  much  deeper  into  the  crystal 
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Tlf.  2.  Catrier  concentration  (a)  and  Hall  mobility  (b)  of  iHrctytinlliied  p  Hg0,fCd0  „Te  aample*  Immertlon  annealed  In  the 
llg  bath  at  260*  C  at  function  of  annealing  duration,  p-iype  conductivity  ia  represented  by  open  symbol*.  "hile  the  full  symbol* 
correspond  to  n-lype  conductiviiv,  the  circlet  (#/0)  and  the  triangle*  (a/o)  Indicating  Hall  measurement*  In  a  magnetic  field  of 
6000  kO  o*  2000  kO.  respectively.  Sample  I  (tolid  lina)  and  2  (dashed  line*)  were  annealed  *tep  by  atep  up  to  30  h  while  aample  3 
(dashed  solid  lines)  was  annealed  for  30  h  in  a  aimple  atep. 


Tig  3  Kail  mobility  of  n-lype  llg,  ,*Cd01,Te  aampla  Immer- 
•ion  annealed  In  a  hot  llg  bath  for  I  min  at  a  function  of 
temper  aturc. 


l  lg  4.  Hall  mobility  of  n-lype  llg,  „Cd«  „Te  aample#  Owner- 
lion  annealed  in  a  hot  llg  bath  at  230*  C  at  a  function  of  lime. 
The  tolid  and  dashed  line*  ahow  the  mobility  obtained  In  ■ 
magnetic  field  of  2  and  6  kO,  reapectively. 
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strongly  on  the  value  of  the  magnetic  field,  possi¬ 
bly  due  to  mixed  conductivity  |8|. 

3.2.  Improvtnwnl  of  n  lypt  Iige  „Cde  ),Te 

Several  n-type  Hg07,Cdo„Te  samples,  an¬ 
nealed  in  the  conventional  way  (under  llg  pres¬ 
sure  in  an  ampoule),  could  be  Improved  by  the 
present  immersion  annealing  method.  The  im¬ 
provements  of  mobility  as  a  function  of  annesling 
temperatures  for  a  fixed  lime  of  1  min  and  as  a 
function  of  annealing  limes  for  a  fixed  tempera¬ 
ture  of  250*C  are  shown  in  figs.  3  and  4.  As  can 
be  seen  in  fig.  3,  the  mobility  improves  with 
increasing  temperature  up  to  250 ’C.  beyond 
which  it  starts  to  deteriorate.  Fig  4  shows  that 
heating  at  250* C  for  limes  up  to  15  min  improves 
the  mobility,  but  further  healing  damages  the 
crystal.  Under  optimal  conditions  (250  ®C  for  1 
min),  an  improvement  in  the  mobility  of  nearly 
50%  (70,000  to  100.000  cm1  V  s_,>  was  ob¬ 
tained-,  this  increase  in  mobility  was  accompanied 
by  a  similar  decrease  in  carrier  concentration. 
Indeed,  ion  channeling  measurements  have  shown 
that  the  crystallinity  of  the  above  samples  exposed 
to  Mg  immersion  treatment  has  been  improved. 
Fig  51  shows  'hat  annealing  at  250 “C  for  4  min 
reduces  the  dcc-anneling  of  the  virgin  spectrum 


Fi§.  S.  Rutherford  backscatlering  channeling  spectra  of  3 20 
keV  protons  In  ihe  (111)  direction,  of  virgin  llg01,Cd0  nTe, 
prior  lo  snneoljog  (virgin)  end  following  immersion  for  4  roln 
it  250*C  in  a  hot  I  If  (virgin  and  annealed). 


Tattle  I 

Mobility  and  earlier  concentration  obtained  for  llg97fCdQlt 
Te:  (I)  8/hfe  implanted  samples  before  and  after  immeuion 
annealing  ( 320 *  C.  S  min);  (It)  virgin  sample  befose  and  after 
immersion  annealing  (320  *C,  t  mint 
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''  Tills  mobility  was  n.eaiured  at  a  depth  of  1  2  pm.  Prior  to 
any  etching  Ihe  measured  mobility  was  20.000  cm1  V  ~ '  a*  V 


Fig  6  Ficeifica)  conductivity  profife  as  deduced  from  differen¬ 
tial  llall  measurement*  on  HggyeCdonTe  Implanted  with  B 
(I0W  cm'*;  320  keV|  and  immersion  annealing  lor  8  min  at 
3ZraC.  The  calculated  profile  of  ai-implamed  B  it  shown  for 
comparison. 
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indicating  that  tome  defects  have  been  removed 
by  the  further  Immersion  annealing. 


J.J 
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Electrical  activation  of  B  implanted  H%0 
Te 


Two  halve*  of  a  p-type  doped  llgaT,CdD,,Te 
wafer  ((ample  I)  have  been  implanted  at  room 
temperature,  one  with  200  keV  B  to  a  dote  of  10M 
cm  1  and  the  other  with  320  keV  Ne  to  a  dose  of 
3  x  10' 5  cm"1.  The  dose  and  energy  for  the  Ne 
implantation  have  been  chosen  such  that  the 
amount  o(  damage  and  its  profile  coincide  with 
those  caused  by  the  B  implantation.  The  two 
implanted  samples  have  been  immersion  annealed 
for  8  min  at  320 °C.  together  with  a  control  sam¬ 
ple.  cut  from  the  same  ingot  (sample  II),  which 
has  not  been  implanted  The  electrical  properties 
of  the  unimplanled.  implanted  and  annealed  sam¬ 
ples  have  been  determined  from  llnll  measure¬ 
ments  in  a  magnetic  field  of  2  kO.  While  prior  to 
the  annealing,  the  B  nnd  Ne  samples  exhibit  iden¬ 
tical  n-type  conductivities,  attributed  to  radiation 
damage,  their  properties  are  drastically  different 
fallowing  live  annealing.  As  shown  in  (able  1,  the 
donor  carrier  concentration  of  the  II  implanted 
and'  annealed  sample  has  been  Strongly  reduced 
while  its  mobility  has  been  increased  by  one  order 
of  magnitude.  The  Ne  implanted  sample,  on  the 
other  hand,  has  returned  p-lype  as  a  result  of  the 
immersion  annealing.  The  poor  mobility  and  high 
carrier  concentration  exhibited  by  this  sample  may 
be  Indicative  of  mixed  conductivity,  possibly 
caused  by  donor  activity  due  to  some  residual  not 
completely  annealed  damage.  In  contrast  to  the 
implanted  samples,  the  annealed  virgin  sample  has 
remained  p-lype  allowing  that  no  significant  in¬ 
diffusion  of  lig  has  happened  during  tire  anneal¬ 
ing  process. 

Differential  Hall  meaiuretnents  performed  on 
the  B  implanted  and  annealed  sample  have  shown 
that  the  carrier  concentration  peaks  at  a  depth  of 
5000  A.  the  junction  being  located  about  1.5  pm 
below  the  surface.  As  seen  In  fig  6,  'he  electrical 
profile  is  deeper  than  the  implant  profile  deduced 
from  range  calculations.  Since  it  is  known  that  P 
does  not  substantially  diffuse  in  IlgCdTe  at  tem¬ 
peratures  and  times  relevant  to  the  present  experi¬ 


ment  19.10),  -are  concluded  (hat  the  deep  donor 
activities  can  be  afribuled  to  B  related  complexes 
and  possibly  to  a  channeling  tail  which  extend 
deeper  into  the  crystal  than  the  calculated  B  pro¬ 
file  111  | 


4.  Concluskw 

We  have  shown  that  the  newly  developed  im¬ 
mersion  annealing  technique  is  comparable  lo 
otlrcr  annealing  methods  as  for  improving  the 
electrical  properties  of  IlgCdTe.  The  near  surface 
conductivity  of  as-recrystallized  p-type  samples 
can  he  converted  by  this  method  to  r-type  with  a 
low  carrier  concentration  and  a  high  mobility.  The 
mobility  of  n-lype  samples  can  be  increased  fol¬ 
lowing  immersion  annealing  in  a  hot  llg  bath  and 
boron  implants  can  be  electrically  activated  by 
(his  simple  annealing  technique. 
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Inn  iniphiiiltilion  iiiiliirt'il  damage  in  low-v 
ll.u,  ,  l'il,  'It'  is  of  technological  importance  siiiiT  I  In-  chiin- 
niio  in  ili;il  material  is  mi  clod ricully  active  donor;  it  fact 
which  is  utilized  In  I  In*  tenli/ntion  of  infrared  detectors  in 
ll|!„ .  I'll,,.  Te  hy  producing  «( damage  )-oii-/> devices  hy  inn 
iiii|il:itil;iliini.  Hie  tiii*lci  sltituliii):  of  I  lie  mil  tire  nml  llieriinil 
stability  nf  this  damage  is  llierdiirc  of  great  technological 
importance  nml  of  imieli  scienlilic  interest .  I'revimis  studies1 
mi  how  I  IpCd  Te damages  hy  room-temperature  inn  iniplan- 
liiiinn  have  shown  thin  only  extended  defects,  most  likely 
dislocations,  arc  present  in  Ihc  inipliinled  nialeiial  and  (hat 
the  damage,  when  induced  by  heavy  ions,  reaches  depths 
which  much  exceed  the  projected  range  of  the  implants. 
Computer  simulations  of  the  damage  cascades  in  I  IgCdTe. 
which  do  not  lake  into  account  delect  diffusion  and  agglo- 
mcralinn.  obviously  predict  only  the  presence  of  point  de¬ 
lects  with  a  distribution  which  roughly  coincides  with  that  of 
tin*  implant.  The  transition  from  frozen  in  point  delects  to 
extended  delects,  which  certainly  takes  place  at  some  tin* 
nealiug  stage  and  which  must  he  associated  with  the  dillii- 
sion  of  point  defects  in  I  IgCdTe  (most  likely  llg  vacancies 
and  iitleij^ililials)  has  never  been  observed.  In  (he  present 
work  uc  report  on  the  observation  of  this  transition  and  de¬ 
duce  the  diffusion  paraniclers  which  can  be  associated  with 
it.  rurlhcrniorc.  w  e  lint)  that  the  profile  of  the  extended  de¬ 
fects  caused  by  low- temperature  implantations  followed  by 
annealing  to  room  temperature  is  substantially  shallower 
than  that  observed  for  rooni-lcmperaliirc  implantations;  a 
fact  w  liich  may  lie  of  importance  in  the  realization  of  shallow- 
nl  damage  )-on-/>  photodiodes. 

Rutherford  bnckscallcring  ( RHS)  channeling  measure¬ 
ments-  carried  out  at  dillcrenl  lemperatiires  on  low-lcm- 
peraiure  implanted  I  IgCdTe  are  used  in  the  present  work  to 
leant  about  the  depth  ami  the  nature  of  (he  damage  in  im¬ 
planted  and  gradually  annealed  samples.  The  crystals  used 
were  <  1 1  l>-orienled  Mg,  , Cd.Te  (.v  0.24  >.  They  were 

mounted  on  a  triple-axis  goniometer  with  provision  to  cool 
ami  beat  the  specimen  between  100  and  -100  K.  Indium  ions 
wete  implanted  into  randomly  oriented  crystals  held  at  l(Kl 
K  at  tin  energy  of  320  keV  to  a  dose  of  2 Ill"  cm  \  Sttclt 
:m  implantation  isstillicienl  to  create  a  substantial  number 
of  extended  defects  in  lltnl  material  when  pciformcd  til  room 
leiiipernlinc.'  RIIS  chatmelitig  measurements  w  ith  320ikcV 
pitMons  were  carried  out  oil  the  cold  sample  immediately 
following  the implanlalion  |scclrig.  I(:i)  |.  Ililfcrcnt  experi- 
ttients  wete  carried  mil  (t>  study  the  transformations- that 
l  In-sc  delects  undergo  with  temperature,  (i)  A  cold  implant¬ 
ed  sample  was  allowed  to  warm  lo  room  temperature  at  a 
rongltlj  coiixiiutf  raleof about  I  K/minaml  KlfScItatmcliug 
spectra  were  taken  at  did'erctil  times  during  the  warm-up 
petiod.  Represenfative  spectra  arc  shown  in  l-'ig.  1(1-*)  and 
2fc*.  (iil  The  sample  was  further  heated  to  3(>0  K  and  was 
kept  at  litis  temperature  for  5  It  |l:ig.  I(d)|.  (iii)  .Samples 
implanted  at  l(Kl  K  wete  healed  lo  Ib7.  I'll,  and  218  K  at 
which  lempeiitliires  they  wete  kept  and  RIIS  channeling 
spectiu  were  taken  tit  dilfetetil  limes  observing  the  isother¬ 
mal  ci  chiffon  of  the  defects.  The  following  ohservallons  me 
diteeib  etidenl  (l:ig.  1 1:  hollowing  the  implantation  nl  l(K) 
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(  (spectrum  of  Fig.  I  (a)  I  (he  channeling  RBS  spectrum 
caches  llie  fandom  level,  inJicaling  Ihm  (he  material  lias 
iimcd  amorphous  lo  a  de(  h  of  about  1000  A  which  coin- 
ides  well  with  (he  calculated  range’  of  the  In  Implants  in 
lg.l»Cdnl4Te  <ffr  -  700  A.  A*,  -  300  Al.  The  mea- 
ured  y.,.  •>  82%  value  'l.e,  the  ratio  between  the  chan- 
icled  and  the  random  spectra)  just  behind  the  damage  peak 
an  be  fully  accounted  for  by  the  dechanneling  caused  by  the 
•uorphous  layer.’  Upon  the  warming  up  of  the  sample  a 
-lirinkage  of  the  damage  peak  without  substantial  reduction 
,u  peak  height  can  be  noticed.  Interestingly,  the  narrowing  of 
lie  damage  peak  it  not  accompanied  by  a  reduction  Iny.*, 
:«hind  the  damage  peak,  as  would  be  expected  ir  its  origin 
ms  only  in  the  amorphous  layer.  (Iet.ee  other  new  defects 
-  hlch  give  rise  lo  this  dechanneling  must  have  been  formed 
■hiring  the  shrinkage  of  the  point-defect-rich  region.  This  Is 
?'ost  pronounced  in  the  spectrum  of  Fig.  1(c)  (M3  K).  In 
lileh  no  damage  peak  can  lv  seen  any  more,  yet  thedechan- 
eling  level  remains  unchanged.  Further  healing  ( T  -»  360 

■  I  | Fig.  t(d)|  partially  transforms  the  RBS  channeling 
ixclrum  to  that  commonly  observed  for  RT  Implanted 
igCdle  (Fig.  1(e) |,  exhibiting  a  lise  in  dechanneling 
liich  becomes  more  gradual  al  a  weH-dellncd  depth.  It  has 
ecu  shown'  that  such  a  spec'rum  is  typical  for  a  layer  rich  in 
(tended  defects,  and  dial  the  energy  In  the  backscatlered 
I'ccirum  al  which  the  break  (knee)  occurs  roughly  eorre- 
iKiiuls  to  Ihe  thickness  of  llie  damaged  layer  Tlie  deplli  of 
ic  knee  ill  llie  preseul  cspcrimenl,  in  which  Ihe  sample  has 

■  ecu  implanted  al  a  tow  temperature  and  lias  later  been  ai¬ 
med  lo  warm  up,  is  substantially  shallower  than  tint  oh- 
tied  after  identical  room-temperature  implantations  |  Fig. 
(e)| 

Quantitative  information  on  lire  shrinkage  of  llie  dam- 
ec  peak  Ar  al  different  temperatures  or  limes  was  deduced 
•mi  ihe  RH5  spectra  by  fitting  the  relevant  ports  lo  4'  or  6* 
ilynominls  This  enabled  the  analytical  determination  of 
tc  liifleclloii  points  in  llie  spectra  thus  offering  a  systematic 
icasure  for  (lie changes  in  damage  peak  width.  Three  differ- 
ii  mudes  of  essentially  Ihe  same  analysis  (dlffeienl  degrees 
r  i lie  polynomial  and  dlfferenl  programs)  have  been  cut- 
toscil  yielding  roughly  llie  tame  results.  The  shrinkage  A z 
•tlitced  in  ihni  way  for  (lie  case  of  Ihe  Isothermal  annealing 
1*7 1  K  is  plotted  against  VT  (f  beinglheannekllngtime)  In 
ig.  I  The  Ihree  sets  of  points  are  the  result  of  Ihe  different 
odes  of  nnalysis;  their  scalier  is  an  indication  for  their  uu- 
il.iinl)  A  siraighl  line  can  reasonably  well  be  filled 
uongli  llie  points  yielding  a  diffusion  coefficient  £>(191 
)  »-  (1.1  ±  0.l)x  I0"“cm’/a. 

llie  data  taken  at  167  and  218  K  were  analyzed  In  a 
iiilnr  way  yielding  diffusion  coefficients  0(167  K) 
(0.2  ±  0.11X10  “  Ocm’/i  and  0(218  £k) 
(9  +  21x10  “  ein’/a.  An  Arrhenius  plot  of  these 


data  is  shown  in  Fig.  3  yielding  0=  (4.2 
XlO  '")«p|  -(0.25±0.03)/A7j. 

1  he  analysis  of  Ihe  second  kind  of  experiment,  in  which 
Ihe  shrinkage  of  the  damage  peak  has  been  observed  during 
the  nonisothermat  warming  up  of  the  sample,  Is  less  straight¬ 
forward,  hence  no  accurate  values  for  the  diffusion  param¬ 
eters  were  deduced.  Nevertheless,  a  rough  analysis  shows 
that  these  data  also  support  a  very  low  activation  energy  (A, 

■  0:12.  rV)  .and  a  smalt  pre-esponenilal  factor 
(O,-»Xl0,,cm,/s). 

The  transformation  from  point  to  eslended  defects  in 
implantation-damaged  IlgCdTe  observed  here  at  low  tem- 
peralures  should  be  related  to  some  Species,  possibly  llg  In¬ 
terstitials,’  diffusing  in  flic  disordered  crystal  to  agglomerate 
and  form  eslended  defects,  most  likely  dislocation  loops.  Ir  - 
deed  the  results  exhibit  lime  and  temperature  dependencies 
cliaracterisllc  for  diffusion  processes,  the  diffusion  param¬ 
eters  extracted  from  the  present  results  are,  however,  abnor¬ 
mally  low.  The  diffusion  in  cr  lalline  II- VI  materials  have 
recently  been  reviewed  by  Shaw,*  who  has  also  compiled  a 
large  number  or  esperimental  data  Tor  self  and  Impurity  dif¬ 
fusion  In  1  IgCd  I  e  ( x  =  0. 2 ) .  Despite  I  he  large  discrepancies 
which  esist  between  results  reported  by  different  groups 
Shaw  shows  that  most  data  follow  a  linear  relationship  given 
by  In  D„  —  1 5  Off,  -  23.7. 

~  lie  present  results  may  actually  not  be  comparable 
with  data  on  diffusion  In  IlgCdTe  since  the  latter  deal  with  a 
different  temperature  regime  ( usually  400-700  K)  and  are 
fur  diffusion  in  nondnmaged  crystals  Nevertheless,  Ihe  val¬ 
ues  for  D„  and  ff.  found  here  III  Shaw's  relationship  rather 
well.  The  fact  that  the  activalic.i  energy  determined  here  is 
substantially  lower  Ilian  that  measured  by  others  (0  5 
eV<ff,  <1.5  eV)  is  not  surprising  since  llie  diffusion  of  the 
point  defects  of  Ihe  present  esperlmenl  Is  in  a  damaged,  va¬ 
cancy-rich  crystal.  Furthermore,  the  diffusion  of  atoms  to 
csttnded  defects  already  existing  In  the  crystal  to  enable 
their  further  growth  may  be  driven  by  attain  fields,  which 
will  also  result  In  an  apparent  lowering  or  the  activation  en¬ 
ergy.  The  abnormally  low  values  for  D„  and  ff,  measured 
here  for  low  lentperalures  In  highly  disordered  I  IgCdTe  can 
quantitatively  be  explained  by  employing  the  short-lived 
large  energy  fluctuation  kinetic  model  proposed  by  Khail.’  ** 
A  detailed  analysis  of  Ihe  results  in  light  of  that  model  will  be 
given  elsewhere.* 
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nO.  I.  RIlS  dunnflinp  iffdri  nf  )?>|ki(V  piouml  of  In  Imflinlfd  (3  JO 
ke  V  2x  10"  cmfi?  IlfCdTe  taken  ard  lifer  eat  temperatures:  (a)  as  hn- 
pfented  IT-  lOOK).  (h>  2?)  K.  «)  743  K.  (d)  5  h  at  360  K.  and  <e> 
ftil  tenth*  room  temper  at  arc  ImpUntalioo.  Random  and  channeled  apcei™ 
ofthe  virgin  crystal  are  also  shown 


FIO  1  t  he  lime  dependence  of  I  he  shrinkage  (r)  of  the  amorphous  l.i>er  hi 
inO  K  implanted  IlfCdlr  held  at  a  constant  Icnipcialure  of  191  K  11k 
tin  re  sett  of  data  points  represent  three  different  modes  1 4  ana  Vis 


FIO  3  Arrhenius  ]>fo4  of  the  diffuskm  eocUklenls  |uverninft  dama|e  evo¬ 
lution  in  cold  implanted  (IgCdfe  obtained  at  three  comlant  temperatures 
167.  191.  and  214  K. 
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The  buildup  of  damage  Induced  by  In  Ion  Implantation  into  llg,  ,  Cd.Te  for  varioui 
composition  (*  » 0,  x  =  0.24,  x  —  0.4,  a  -  0.7,  and  x  =  I )  was  meoiured  by  meant  of 
channeling  Rutherford  backscallering  spectroscopy  (ROS).  Damage  iwodlee  were  catiacted 
from  the  spectra  uaing  a  model  holed  on  Quire's  dechanneling  treatment.  Despite  the  large 
dlfliereiice  ta  bond  nature  and  the  related  physical  properties  between  lire  different  competition*, 
the  general  treada  In  damage  formation  were  found  timllar  for  all  x  valuer  atudied,  though 
displaced  by  about  two  ordert  of  magnitude  In  doee,  I  IgTedamaging  much  eaaier  than  Cd  I'e.  Pnr 
all  compoailkna,  different  type!  of  damage  teem  to  be  created  at  different  tlrgca  during  the 
Implantation.  Tire  retulta  can  be  underlined  if  agglomeration  of  point  defect!  toealemlcd  defect! 
followed  by  a  redlalributlon  of  (lie  defect!  to  deejier  lying  duller!  with  htcicusing  dose  is  assumed 


I.  INTRODUCTION 

Among  the  ternary  II- VI  compound  aeinicondnclon, 
U|.  ,  Cd.Te  (MCT)  la  poaalbly  the  moat  widely  atudied. 
The  feel  IIibI  llg,  _ .Cd.Te  la  t  mlaed  cryalal  cnnlalnlng  a 
fraction  x  of  CdTe,  a  semiconductor  with  a  fairly  wide  band 
gap  of  1.6  eV,  and  (I  —  x)  of  IlgTe,  a  remlmetal  with  a 
negative  gap  of  —  O.JeV  maker  it  poiilble  to  tailor  (he  mate¬ 
rial  by  adjualiog  *  to  any  desired  band  gap  bet  ween  0  and  1 .6 
eV.1  Tire  compositions  of  MCT  around  a  =  0.2  and  a  =  03 
have  found  wide  ure  a*  Infrared  detector!  tlnce  llrey  have 
band  gaps  which  cover  tlw  two  atmospheric  windows  for  IR 
radiation  at  g  to  12  and  1  to  5  pm,  rcapcclively.  Recently 
inlereal  in  MCT  with  a  =  0.7  liar  arlaen  due  to  the  cutoff 
wavelength  of  tlria  material  which  corrcaponda  well  with 
that  required  fur  minimum  attenuation  in  optical  libera  (1.3 
/im).’  Pure  CdTe  (a  —  I)  haabetn  uaedfor  the  detection  of 
visible  light  or  gamma  radiation.’ 

Hie  electrical  properllea  of  llg, . ,  Cd.Te  are  delernilned 
by  compoaillon  (a),  by  deviation  from  atoichiomelry,  by 
native  defecla,  and  by  the  pretence  of  impurities  In  particu¬ 
lar,  n-lype  conductivity  liar  been  real i red  In  low  a  MCT 
(a  =  0.2  to  0.3)  by  ion  implantation.”  Even  though  tlw 
Implant  most  commonly  used  for  that  purpose  is  0  (a  poten¬ 
tial  donor  in  MCT),  Implantation  of  any  other  ion  also  re- 
tulla  In  n-lype  conductivity,  Indicating  Ihal  the  electrical 
properties  tie  governed  by  lire  implanlallon-lnduced  dam¬ 
age,  rallier  than  by  Impurity  doping.*-*  Interestingly,  tire 
doping  effects  that  the  Implantation  causes  extend  much 
deeper  into  tlw  crystal  than  the  range  of  tlw  primary  Im¬ 
plants,  allowing  Ihal  (Ik  damage-related  donor  alalcs  cannot 
be  directly  asaoclaled  wllh  simple  point  defects  1  he  effects 
of  Ion  damage  on  higher  a  MCT  has  been  atudied  to  a  much 
leaser  eateol.  However,  it  has  been  shown  most  recently  that 
the  Implantations  of  Ar,  In,  or  Xe  lulu  p-llg  v  ,Cd  „,Te 
<4  =  0.7)  turns  the  material  highly  resistive. 10 

Hie  slcdy  of  tlie  nature  of  Implantation-Induced  damage 
hi  llg,  ,Cd,  ft  for  various  values  of  x  Is  of  importance  lie 
cause  of  die  use  made  of  the  damage  itself  aa  a  doping  media 


ttitm.  It  la,  however,  also  of  basic  Interest  due  ta  the  gradual, 
yet  rattier  eilieme.  changes  that  die  material  undergoes  with 
x.  Doth  IlgTe  and  CdTe  are  rather  loft  materials  because  of 
their  large  bond  length  (du„  »  2  804  A;  *>  2.797  A) 
and  polarity  (ionic  coefficient  F,)  which  is  greater  in  CdTe 
(F,  =071)  than  in  IlgTe  (  F,  =0  63).  Neverlheleis  Ihe 
•U I  e  born),  motlly  metallic.  Is  considerably  weaker  thin  Ihe 
CdTe  bond  (F„,,t  =  0.58  eV;  FCJI,  =  0.89  eV);  hence  die 
enhanced  tendency  of  the  llg  rich  alloys  to  lose  llg."" 

1  lie  question  ofliow  the  various  alloyaorMCT  respond  to 
implantation  damage  la  the  subject  or  the  present  work,  In 
wlilchasyalcmulicstudyordiebulldupofdamagehi  llg,  , 
Cd.Te  wllh  compositions  x  =  0,  0.24,  0.4,  0  7,  and  I  as  a 
result  of  Increniing  dose  of  indium  ion  Implant!  has  been 
carried  out.  While,  aa  especicd,  it  was  found  that  llg  rich 
(low  x)  crystals  damage  much  easier  than  dime  wllh  higher 
i  composition,  some  features,  common  In  all  alloys  could  tie 
csttacled  from  Ihe  data  so  that  general  Insighi  Into  the  dam¬ 
age  mechanism  In  MCI'  could  he  obtained 

II.  EXPERIMENTAL 

•If.  .Cd.Te  crystals  with  compositions  4=0  (pure 
IlgTe). 0  .24, 0.4,  end  0.7  were  grown  by  die  traveling  healer 
method.14  Pure  CdTe  (4=1)  wut  grown  by  the  modified 
Dtldginan  technique  11  Samples,  1 3  mm  hi  diameter  oriented 
wilii  ihe  c  1 1 1  ^  Blit  perpendicular  In  the  surface,  were  cut 
out  of  the  bigots,  minor  polished,  and  etched  In  a  solution  of 
luoniine  In  mclhannl  followed  by  pro|>er  rinsing  III  inelha- 
mrl.  I  lie  specimens  were  mounted  nil  a  three  sail  goniome¬ 
ter  and  were  subjected  to  consecutive  Kullierford  back- 
•citleilng/clisimeling  measurements  and  indium  km 
liiiplaiitotimi  at  ever  liicreailng  doses  I  lie  cliamieliug  ex¬ 
periments  were  can  led  out  with  320  keV  protons  collimated 
through  I  nun  iipciluies  wllh  an  angular  spread  cOIM* 
buckscnllcicd  Inin  a  detector  set  at  165*.  To  perform  the 
hnplaiiliilliHis,  Ihe  beam  a|>ertutes  were  u|>cncd  to  0  5x  I 
cm’,  the  cryslnl  was  rotated  In  a  miidmii  direction,  and  lire 
panicle  delcchu  was  shielded  from  backtcillercd  heavy 
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l-IU  I.  Channxl'ns  Aulheflbfd  baxhacallxrlns  ipxxl r ■  nhislurd  fox  (»  1 

l-Ht  rdlr.™l  (b|  ll(„.C<t,(T«  ImflMln)  »Hh  JlOkrV  |n  Ions  In  («». 

'fxclr«  I,  2,  },  and  4  xorrrsfond  In  Implantalixai  Aues  ot  Id'*,  lx  10". 

4  y  III",  nnd  1 X 10"  cm  irsfexllxxlj,  »hllc  In  (l>|,  aparfm  I,  J.  and  J 
(Micafondledgataol  10”,  4x  10".  and  lx  10"  tn.  >.  irapodl.Hy 

lima  "’In  lorn,  extracted  from  the  same  Ion  source  as  used 
for  lire  RBS  experiment! ,  were  decelerated  (o  320  keV  end 
were  homogeneously  iwept  across  the  apeclmen.  All  Implmi 
Intlorii  were  carried  on)  al  room  temperature  Into  lieet  -stink 
aamplea,  keeping  the  beam  current  areal  density  corutanl  nt 
dOnA/cm*.  Under  auch  condition!  negligible  beam- Induced 
healing  of  the  lamp!*  la  expected  tn  order  lo  mlnlmire  dam. 
age  earned  by  the  probing  beam,  proton  current!  of  <  3  nA 
were  used.  The  buildup  of  damage,  aa  function  of  I  n  Implmi. 
latitm  dose  waa  meaaured  for  eaclt  of  (lie  ronipdallion*  stud- 
ted  All  meuureinenti  were  performed  twice  In  completely 
independent  rum  and  yielded  comlitent  results. 

III.  RESULT8 

lit  the  present  experiment,  uie  waa  made  of  medium  ener¬ 
gy  proton  backacatlering  lo  awen  the  damage  in  Implanted 
MCT.  The  fact  that  fairly  low  energy  prolona  were  used 
assured  lhal  there  was  practically  no  energy  discrimination 
belween  prolona  backacallertd  front  llg,  Cd,  or  Te  alums 
(llte  dllference  In  the  moit  extreme  backscalleted  energle* 
being  of  the  order  of  the  detector  resolution),  the  result* 
obtained  here,  Iherefore,  present  the  behavior  of  the  MCI 
crystal  as  a  whole.  High  energy,  heavy  Ion  backacnlleihig1'' 
nr  1’IXfi  channeling  experiments"  ate  needed  to  nhfnln 
nnire  detailed  Informalinu  on  the  behovlor  of  the  aejiarate 
constituents  of  the  crystals  studied  IJcsplle  the  fact  that 
rather  substantial  dllTereuces  In  bond  prupcrlies  exist 
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between  the  extreme  cases  studied  here  (jr  =  0  to  II.  the 
present  results  show  that,  nevertheless,  many  featurei  are 
common  lo  all  crmipnslllnna 

rigme  I  shows  representative  channeling  ROS spectra ob¬ 
tained  for  pure  Ctlle  (Pig  1(a) |  and  for  llfa,Cdn,Te 
I  l:lg- 1  (b)  |  implanted  with  In  lone  1  he  spectra  obtained  for 
the  other  eompoahlons  studied  look  rather  ihnlhtr.  Pot 
Cd  I  e,  the  doses  al  which  substantial  changes  In  the  damage 
occur  vary  between  10“  cm  ‘ 1  end  2  x  10"  cm  -  *  and  tot 
•  ■ft.»C'd„ile  between  10"  cm  ' 1  and  2x  10"  cai'1.  The 
following  features,  common  lo  all  composition*  studied,  can 
he  mil  Iced  already  from  the  raw  data:  II)  The  damage  al- 
ways  teveala  Itself  through  a  gradual  dcchannellng  of  the 
probing  protons.  This  dechanneHng  la  reflected  In  aconatant 
rise  In  the  backscatlcrlng  yield  wllh  Increasing  depth.  Such  a 
behavior  |*  usually  observed  for  metals  Implanted  al  room 
lenipeiahiie,  and  Is  caused  by  extended  defect!.  At  a  well 
denned  depth,  which  Is  sulistnnllally  larger  than  llw  project 
ed  range  of  tire  implants  (  800  A),  a  change  In  alopt 
(“knee")  set*  In.  (II)  There  eaiste  a  near  saturation  of  dam 
age,  1  e„  above  a  certain  Implantation  dose  the  Increment  of 
damage  with  dose,  as  seen  in  tile  R BS  spectre.  Is  small.  ( lit ) 
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The  maximum  dechan  tiding  never  readies  Hie  random  lev¬ 
el.  but  It  change!  with  jcj  the  lower  lltex  value  the  liiglter  the 
saturation  decliannellng.  (Iv)  lire  niinlniiim  doses  for 
which  damage  ilarli  lo  be  noticeable  In  the  RUS  spectra 
depends  strongly  on  x.  While  for  x  **  0.4  |  Fig.  I  ( b)  |  devia- 
tioii*  from  the  virgin  ipectnim  can  be  aeen  already  for 
5x  lo1'  ln/cni*.  noticeable  damage  tela  in  fur  CdTe  |Fig- 
KaJ  |  only  at  a  dote  of  10"  In/cni1. 

Damage  profiles  were  extracted  from  the  RMS  channeling 
tpeclra  according  lo  the  procedure  proposed  by  Feldniati," 
Pronko."  Plcraux,”  and  Quirt.11  In  this  approach  one  ex¬ 
tracts  the  damage  profile  Nd{i)  as  function  of  depth  Into  the 
crystal  i  from  Hie  expresaion: 
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Here  p.UI  andjp(i)  are  I  Ik  measured  normaliied  yields 
for  the  unlmplanled  (virgin)  and  implanted  (damaged) 
crystal  evaluated  at  depth  x.  £  la  the  defect  acallerlug  cross 
section.  In  calculating  the  depth  scales  for  ciyslals  having 
different  dcgiees  of  damage,  the  changes  In  pruton  slupplnf 
power  with  the  amount  of  channeling  which  llKy  undergo 
was  taken  Into  account  using  in  Iterative  procedure  as  de¬ 
scribed  by  Kao.11  For  the  evaluation  of  Eq.  ( I )  from  the 
experimental  dala,  the  relevant  parta  of  the  ipeclrs  (from 
channel  290  to  channel  440)  were  Ailed  by  polynomial  of 
degirca  varying  between  3  and  6  depending  on  Ihe  ahipe  of 
each  eipcflmeutal  spectrum  .  With  those,  It  was  possible  lo 
analytically  evaluate  Eq.  ( I ),  thus  yielding  Ihe  depth  profile 
of  the  damage.  Figures  2(a)  and  2(b)  show  ihe  profiles  ex¬ 
tracted  from  the  dala  of  Figs.  1(a)  (CdTe)  and  1(b)  (Ilg,,. 
Cdo.Te),  respectively.  The  two  major  features  evident  from 
Figs.  2(a)  and  2(b)  are  that  Ihe  damage  does  nut  increase  at 
a  constant  rale  with  increasing  fit  Implantation  dose,  and 
that  the  depth  at  which  the  damage  reaches  Its  niasimuin 
Increases  with  increasing  dost,  and  for  Use  higlier  doses,  is 
substantially  deeper  than  Ihe  projected  range  of  the  im¬ 
plants.  Figure  3  shows  the  Integrated  total  damage  at  a  func¬ 
tion  of  the  implantation  dose  for  all  compotiliunt  studied.  It 
Illustrates  Hint  sulking  sin, Unities  exist  between  all  ernnpu- 
aitkint  studied  with  regard  lo  Hk  way  Ihe  damage  builds  up 
will.  Increasing  Implantation  dose  All  Ave  lines  which  con¬ 
nect  the  data  points  In  Fig.  3  exhibit  a  similar  trend,  even 


though  they  may  be  displaced  along  the  dose  axis  by  more 
Ihaiitwoordcrsnf  magnitude.  I  luce  regions  can  be  observed 
In  tire  damage  versus  dote  cut  ves,  in  particular  when  damage 
Is  plotted  on  linear  axis:  First  a  slow  rise  In  damage  with 
Increasing  dose  (region  I),  followed  by  a  much  steeper  rise 
( region  1 1 )  which  leads,  at  even  higher  doses,  lo  a  rather  Hat 
region  (region  III),  indicating  that  some  saturation  In  Ihe 
damage  sets  in.  Fur  Ilg Te,  region  I  was  not  observed  prob¬ 
ably  because  it  appeals  al  doses  lower  than  I0"cm '  ’.  Even 
l  hough  lire  transition  between  the  three  mentioned  regions  Is 
not  very  well  defined,  it  is  possible  lo  lead  from  Ihe  cut  ves  of 
Fig  3  Ihe  approximate  doses  al  which  the  ilupes  or  the 
curves  change.  11k  integrated  total  damage  at  which  the 
"kinks”  In  litc  lines  sppear,  arc  displayed  In  Fig  4,  as  a  func¬ 
tion  or x,  for  both  the  first  (transition  between  regions  I  and 
II)  and  the  second  (transitions  between  regions  II  and  III) 
knees  In  the  damage  versus  ilos*  curves  Interestingly,  both 
kinks  apixar,  for  all  compositions  studied,  after  a  certain 
threshold  amount  or  damage,  approximately  common  lo  all 
ctiNqxisllioti.  has  been  created  in  the  crystals.  1 1lls  may  Indi¬ 
cate  that  basic  changes  In  nan, age  pi»|xilies  occur  when  a 
particular  density  of  defects,  common  load  alloys  of  MCT, 
is  teached. 

Further  support  for  the  existence  of  particular  damage 
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woo  lo  *11  composition*  (Ant  kink )  above  which  a  ratter 
growth  ofexlcmletl  defects  with  increasing  dose  tell  in  (rc- 
lton  II).  Thls-high  rale  damage  production  continues  until 
the  damages  density  nearly  saturates  (second  kink)  loa  val¬ 
ue  which  it  about  live  times  higher  than  for  the  first  kink 
Further  km  implantation  presumably  breaks  up  live  already 
txidiug  extended  defects  releasing  point  defects  which  mi¬ 
grate  Inin  Ihecrystal  to  form  new  extended  defects  si  greater 
i  depths.  The  redistribution  of  the  extended  defects  explains 
!'  Ik#  saturation  of  the  total  damage  with  Increasing  dose  ind 
Ika  enhanced  motion  of  the  damage  maxima  into  the  crystal 
la  region  III.  The  fact  that  the  damage  density  integrated 
to  the  In  range  reduces  with  the  square  root  of  the  dose 
suggests  that  l|ie  mechanism  responsible  for  the  defect  redis¬ 
tribution  is  related  to  tome  Ion  assisted  diffusion  process. 

It  It  evident  from  the  present  observations  that  the  llg  rich 
^  crystals  (low  x)  damage  more  and  easier  than  those  with 
higher  x.  This  result  is  expected  and  Is  In  full  agreement  will  ■ 
Iks  fact  that  the  Ilg-Ta  bond  la  much  weaker  than  Hie  Crl- 
,T«  bond  and  that  the  formation  energy  of  a  metal  vacancy  , 
calculated  by  Badly, 11  Is  much  lower  for  IlgTe  than  for 
l  CdTe.  However,  in  the  case  of  <lg,  _  ,Cd,Te  with  x  =  0.7, 
the  damage  production  was  found  lo  be  similar  and  even 
"  somewhat  lower  than  in  pure  CdTe(x  «•  I ).  This  peculiar 
behavior  cannot  be  explained  by  only  bond  ilrengtli  cnnsld- 
i  eratlons,  but  It  may  be  connected  with  the  fact  that  lire  nil- 
crohardnessoflhcllg) .  ,Cd,Te  alloys  exhibits  a  miximuni 
^  around  x  *»  0.7.  Since  mlcrulrardness  is  determined  by  the 
density  of  dislocations  the  higher  stability  of  tire  x  n  0.7 
>  lattice  and  the  lower  defect  production  at  this  composition14 
may  well  be  related. 

-  The  buildup  and  the  reconstruction  of  tire  damage  In- 
'  duccd  by  In  Ion  Implantation  In  various  *  llg, . , Cd,  Te,  was 

-  Studied  in  the  present  work  by  Rutherford  backscstlering 
Spectrometry,  and  has  been  related  to  the  nature  of  the  bonds 

;  and  lo  some  mechanical  properties  of  the  slloy.  However, 
only  cross  sectional  TEM  experiments  on  ismples  of  differ¬ 
ent  compositions  Implanted  at  dotes  corresponding  to  the 
three  distinct  regions  (Fig  1)  can  confirm  the  explanation 
offered  in  the  present  work. 
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TOTAL  AAEAL  DAMAGE 
OCNjITY  lorb.unltil 

Ini  5  Dtp!  It  at  which  i  he  damage  l cache*  l*«  maximum  I  line  vi  total  ural 
damage  deastly  UfhMfMy  unlit)  Cm  the  various  1  III*) tel) 

level*  al  which  distinct  changes  In  the  nalure  of  the  damage 
<ct  in  can  be  found  In  Tig.  5.  In  which  (he  damage  peak 
position  it  plotted  against  the  lolal  damage  for  all  uystnls 
tlntlied.  While  for  low  Implantation  doses  (l.e.,  low  lolal 
damage  levels  )  Die  damage  profile*  roughly  peak  al  Ihe  pro- 
jecled  range  of  Ihe  In  Implants,  the  wlwle  damage  disliihu- 
t  it  hi  la  gradually  aliined  Inwards  with  Increasing  Ion  dose 
Tills  process  continues  until,  at  a  particular  amount  of  accu¬ 
mulated  damage,  which  Is  roughly  the  same  as  that  where 
the  second  kink  appears  (Fig.  4),  the  damage  maainia  start 
to  move  rather  rapidly  Into  Ihe  crystal  This  occurs,  how¬ 
ever,  without  any  significant  Increase  In  Ihe  lolal  Integrated 
damage.  In  other  words,  when  this  process  sets  In,  further 
Implantation  hardly  Adda  lo  Ihe  total  damage,  but  rather  It 
pushes  ihe  damage  deeper  Into  (lie  crystal  Hence,  above  this 
"damage  lltresliold."  Ihe  total  damage  In  (lie  near  surface 
region  where  (lie  Implants  come  lo  rest,  Is  actually  decreas¬ 
ing  lly  lulegiallng  the  area  under  the  damage  curves  over  a 
depth  bln  which  cover*  ihe  especled  Implant  distribution 
( 5110  IUUD  A ),  a  decrease  In  damage  with  Increasing  dose  Is 
indeed  observed.  This  damage  redudlon  Is  approximately 
inversely  proportional  lo  (lie  square  root  of  the  done,  Ihe 
proportionality  factor  decreasing  with  increasing  x,  as 
shown  In  Fig.  6.  This  tuggesla  that  some  beam-induced  dam¬ 
age  redistribution  acts  In  Tor  all  MCI  compositions  when  a 
particular  damnge  level  la  reached  This  piocesi  I*  mosl  pro¬ 
nounced  for  IlgTe  (highest  slope  of  line  In  Fig.  6)  and  least 
for  Cd  le;  In  accord  wllh  Ihe  results  on  (lie  buildup  of  the 
damage  al  Ihe  lower  doses,  which  loo  Ixxltnngetf  for  the  low 
t  rom|His||lons  of  llg,  ,Cd,Tc. 

IV.  DISCUSSION 

I  lie  main  oincrvallnns  cntniiiuu  for  all  <  following  loom 
Iruipcrnluie  In  Implantation,  are  summarised  below 


(I)  All  defects  observable  by  RDS  are  extended  defects 
( most  likely  dislocation  loops”  ).  Even  at  high  Implantation 
doses,  no  lattice  amoiphlrstlon  Is  reached. 

( II 1 1  lie  damage  tin  iinibin  wllh  Increasing  dose  exhibits 
three  regions. 

(Ill)  Hie  turnover  doses  between  these  regions  (kinks) 
occur  for  all  x  al  id  mill  the  same  total  accumulated  damage. 

(iv)  t  he  turnover  between  regions  II  and  III  (second 
kink )  Is  accompanied  by  no  enhanced  motion  of  the  damage 
niAslma  Into  the  crystal. 

(v)  In  region  III,  where  the  total  damage  reaches  satura¬ 
tion,  ihe  integrated  damage  around  the  implant  range  actu¬ 
ally  reduces  wdli  approximative^  a  square-root  dependence 
on  dose. 

(vt)  All  the  above  otncrvallorm  seem  to  scale  roughly 
moitolimically  with  jr.  except  for  llgalCdu.,Te(.r  ■*  0.7)  the 
damage  behavior  of  which  much  resembles  (hat  of  pure 

Cd  Ic  lx  -*  I ). 

A  imssilvlc  mechanism  explaining  llic  nlmve  results  Is  de¬ 
scribed  below.  Al  low  Implanted  doses  (region  1 1,  Ihe  point 
defects  ciealed  by  In  bms  migrate  and  agglomerate  lo  form 
extended  defects.  1  liese  processes  are  enhanced  In  Ihe  lower 
x-enniposilinii  of  llg,  ,Cd,1e  because  of  ihe  Ionic  forces 
existing  in  the  lattice  Ar,  n  mailer  of  facl,  Ihe  dominant  Ionic 
character  of  llie  bonds  (common  to  alt  II— VI  compound!)  Is 
also  responsible  for  Important  defect  recombination,  hence, 
even  fur  large  Implantation  doses,  no  amorphlxallon  of  the 
cryslnl  Is  achievable  at  room  temperature  Al  higher  doses, 
(lie  density  ol  extended  defects  reaches  a  critical  value  com- 
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non  lo  all  compoaiiiotM  (tint  kink )  above  which  n  fntlcr 
growth of extended  dcfecls  with  Increasing  dose  sds  In  ( re- 
gkm  II).  I  hb'hlyh  rate  damage  producllon  continues  until 
the  damages  density  nearly  saturates  (second  kink )  to  n  val¬ 
ue  which  is  about  live  limes  higher  than  for  (lie  first  kink. 
Further  km  Implantation  presumably  breaks  up  (lie  already 
cabling  extended  defects  releasing  point  defects  which  ml- 
.  grate  into  t  he  crystal  lo  form  new  extended  defects  at  greater 
i  depths.  The  redistribution  of  the  extended  defects  explains 
'  the  saturation  of  the  total  damage  witli  Increasing  dose  and 
the  enhanced  motion  of  the  damage  maxima  Into  the  crystal 
In  region  111.  The  fact  Hurt  i'to  damage  density  integrated 
over  the  In  range  reduces  with  the  square  root  of  the  dose 
suggests  that  the  mechanism  responsible  for  tire  defect  redis¬ 
tribution  is  related  to  some  ion  assisted  diffusion  process. 

It  bevldent  from  the  present  observations  that  lire  I  Ig  rich 
crystab(km  x )  damage  more  and  easier  Ilian  those  with 
Ugher  jr  .Thb  result  is  expected  and  Is  in  full  agreement  with 
the  fact  that  the  Ilg-Te  bond  is  much  weaker  than  the  Cd- 
Te  bond  and  that  the  formation  energy  of  a  metal  vacancy , 
M  calculated  by  DaUly,’1  Is  much  lower  Tor  IlgTe  titan  for 
CdTe.  However,  in  the  case  of  llg,  _  .Cd.Te  with  x  ■=«  0.7, 
the  damage  production  was  found  lo  be  similar  and  even 
somewhat  lower  than  in  pure  CdTe(.t  ■»  I ).  This  peculiar 
behavior  cannot  be  explained  by  only  bond  strength  consid¬ 
erations.  but  ft  may  be  connected  with  the  fact  Hint  the  ml- 
crohardnessofthe  llg, .  .Cd.Tealloys  exhibits  a  maximum 
•found  x  -*  0.7.  Since  mkrohardness  Is  determined  by  the 
density  of  dislocations  the  higher  stability  or  the  x  *»  0.7 
blticeand  the  lower  defect  producllon  at  this  coiu|K»ilion>4 
may  well  be  related. 

The  buildup  and  the  reconstruction  of  the  damage  in¬ 
duced  by  In  km  Implantation  in  various  jr  llg, .  ,Cd,Te,  was 
studied  in  the  present  work  by  Rutherford  backscatterlng 
spectrometry,  and  has  been  related  lo  the  nature  of  the  bonds 
and  to  some  mechanical  properties  of  the  alloy.  However, 
only  cross  sectional  TRM  experiments  on  samples  of  differ¬ 
ent  eomposltkms  Implanted  al  doses  corresponding  to  the 
three  distinct  regions  (Fig,  J)  can  confirm  the  explanation 
offered  in  the  present  work. 
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APTTRACT 

A  mm*  tin  pH  Thermal  Processing  technique  bmiml  on  linn  tin#:  by 
Irradiation  from  COp  inner  In  presented.  It  In  particular ly  nultnbln  for 

*  thermal  treatment  of  lo*  melting  temperature  materials  nuch  nn  annealing 
.  Implantation  Induced  damage  tn  romj*ound  nam  I  ronduo Lorn. 

Short  t l  me  heating  of  Him  sample  in  achieved  by  I  tn  contact  with  n 
«|unrtr  pHtn  hrnled  by  pbotonn  from  n  GW  (Tip  inner.  Tim  qtinrlr.  norvrn 
both  mo  nn  absorbing  medium  for  the  radiation  and  nn  n  proximity  cop. 

Sternly  atmta* temperature  cnn  be  obtained  by  thn  nlmultnnooun  henting  of  tho 
sample  by  tho  looor  and  ltn  cool  Inn  by  n  Jot  of  Mj»  gna. 

The  present  tochnlqup,  when  nppltnd  to  Ion  Implnnted  InSb 
(TA<4f«0°C.  t-10  seconds),  lomln  to  removal  of  the  Implnntn Lion  Homage 
which  In  comparable  to  Hint  obtained  by  riirnnon  or  flnnh  lnmp 
V>t»nlpu  Ine^Jnnnea  1  Itifr. 

IMTBOMJCTIQN 

Short  tine  thomnl  treatment  for  tho  nnncnllng  of  Implnntntlon  induced 
denote  bun  born  extensively  ntudlnd  In  rpoonl  yenrn  fl~?l.  It  bnn  boon 
shown  to  be  pnrtlculnrly  attractive  In  the  chop  of  low  merry  Implnntntlon 
Into  SI  for  nlmllow  Junction  fnbrlcntlon  nn  dopnnt  dirfunlon  could  be  kept 
to  n  Minimum  by  applying  thlo  technique.  Rapid  Tbnrmnl  Annealing  (RTA)  bnn 
olno  been  uned  on  compound  nemlconduc torn,  t);p  mont  ntudlnd  mntorinl  being 
OeAe.  Much  lean  ban  born  publlnbed  on  the  rapid  anneal  Inn  of  nnrrov  bond 
rnp  ponlconduc torn  nurh  aa  InSb  and  llgj _xndITn.  The  main  problem  being 
|  the  low  melting  point  of  theee  motor! nln  and  banco  tbe  requirement  for 

*  fairly  In*  temperaturp  (300-400°!’)  treatment,  Hovertholcnn,  tho  pnmn 

:  argumentn  which  make  RTA  attractive  for  the  annealing  of  nhallow  Implnnto 
In  31  should  also  apply  to  compound  semiconductors.  Hero  too,  diffusion 
■  procnanea  which  may  accompany  defect  removal  need  to  bp  nvoldod  an  much  an' 
feasible,  The  mnjor  undent  red  dlffunlon  In  tho  enne  of  the  compoundo  in 
that  of  the  morn  volatile  conntltuentn  el  the  cryntnl,  the  loon  of  wliich 
t  l«*ada  to  changes  In  atelehlomptry  and  Hum  to  chnngon  in  mnlerinl 
proper  1 1  aa,  Previous  work,  montly  on  I1TA  of  Itg)  .  „(!d  „To ,  hnn  lndood 
!  above  that  defneta  could  be  removed  wjlh  negligible  cbnngcn  In 
ntolphloantry.  In  tbenn  atudlen  aneapnulolad  enmplen  were  heated  either  by 
abort  t*  rm  exposure  to  light  delivered  by  rinnh  lnmps('-4|,  or  by 
irradiation  by  photenn  from  GOp  Innnrnl  h-7 1.  cm  pa  were  normally  uned 

i  I «  tl»»ne  studies  to  nuprann  llg  evaparnllon  from  the  ngrfaee. 
i  In  tho  prenant  work  wa  report  on  tin*  ex  (.fatten  of  Urn  00p  Inner 
>  annealing  which  we  have  developed  for  Hgj  ,  d,T«  ntudlen.  Wp  describe 
aa  Improved  laser  annealing  arrangement,  which  permits  caplenn  annealing  of 
j  the  samples  ** 1 1  lining  the  high  abnerpl Ion  of  quart*  ror  10. f*  mleron 
mdlstlon  and  tho  Indtreet  hosting  «*f  the  nnmplo  by  |ls  eentnrl  with  the 
in«»r  quart*  plate.  We  shew  thnl  goad  annealing  ran  be  achieved  with 

•i.|o  aloo  for  |nn  Imptanlrd  InTh,  The  annealing  quality,  no 

■int«r»i«xt  from  RPT  ><iiono«Mng  »«» f- Innni e ,  In  shewn  to  be  rompnrablp  to 
’■"•at  sMsIaoh  la  l>r  ftMaaeo  or  by  flash  lamp  (lies  I pn  I  se^h)  besting. 

Best  Available  Copy 

‘  *  »*..  • ,  i  „  t  t 


EXPERIMENT  AND  RESULTS 


j  The  CO?  luner  and  its  beam  transport  nrn  Bhown  in  figure  1  together 

with  the  temperature  control  feodbnckiiirrnngemnntB,  Radiation  from  a 
powerful  CM  CO?  laser  (mnximum  power1 1.5  kW  operated  for  this  experiment 
ut  only  300  M),  with  a  computer  controlled  shutter,  le  focused  by  a  3.75" 
7,nSs  lens  Into  n  beam  homogcnlzer  conelstlng  of  n  simple  rectangular  cavity 
I  made  out  of  4  polished  stainless  steel  plntne.  The  beam  emerging  from  this 
]  homogonleer  le  uniform  over  its  1x1  cm2  npporsture,  with  only  fine 
<  rogulnrly  u|teuud  oil, ■'lit  varlatlonn  In  tiilnnnlty  noticnbln  on  oxpoeed 
1  photographic  pnper.  This  lnhomogenel ty  drpBiidB  on  the  relative  distance 
I  between  the  lens,  the  hoaogeniter  and  tho  aanple,  nnd  it  can  be  minlmleod 
by  appropriate  choice  of  these  pnrnmetnrn.  It  la  however  of  no  importance 
j  to  the  prosent  annealing  procedure,  nlm-n  temperature  uniformity  on  tho 
]  oomple  surface  la  achieved  in  tho  quartz  dlffuncr,  an  will  be  dencribed 
below.  Tlie  sample  arrangement  la  shown  In  dotoll  in  figure  2.  It  consists 
.  of  the  sample  sandwichod  between  two  quartz  pJatee,  the  bottom  one  with  a 
thermocouple  glued  Into  a  hole  in  lte  ct-nter.  Thu  top  quarts  plate  eorvea 
1  as  an  absorbing  medium  for  the  10. f>  micron  radiation  from  the  CO?  laser, 

.  a  temperature  diffuser,  nnd  as  a  proximity  rap  for  the  sample.  The 
temperature  of  thle  top  plate  la  monitored  by  a  pyroelectric  detector 
(manufactured  by  "CALA1")  which  le  sensitive  to  the  relevant  temperature 
range  (2l>O-70OoC).  The  temperature  readings  ns  a  function  of  time  for 
both  tliurmucouple  and  pyroolectrlr  dutuctor  are  monitored.  Any  one  of  them 
con  be  used  to  outomn t lea  1  ly  open  e  solenoid  valve  which  pormite  a  stream 
of  N?  gas  to  flood  tho  nnmple,  thus  cooling  It  when  a  desired  preset 
:  temperature  In  reached.  A  conetant  nnmple  temperature  can  be  maintained  In 
thin  way.  Nupruuentntl  vo  t  lmo- tumpnrn  turn  riiivnn  for  short  time  nnd  for 
longer  (sternly  atate)  hwutlng  era  shown  In  figure  X.  It  should  be  noted 
that  whnn  higher  laser  powers  wore  used,  lumps rotu roe  up  to  130O°C  could 
be  reached  by  thle  arrangement,  within  5  seconds  from  the  etart  of  the 
.  liidur  pul  no.  Thus  the  nnmo  arrangement  vnO  nleo  used  by  ue  for  RTA  of  ion 
Implanted  111 . 
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flg.l  Experimental  arrangement  used 
for.  the  CO?  ,08ep  m„||w 


fig. 2  Sample  aesembly 
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fig. 3  Time- tempera tu re  curves  ne  measured  with  the  pyroelectric 

detector,  viewing  the  lop  quart.?.  platnt  aquara-dlreet  laser 
heating  end  crosses-  lira  Hue  with  Mp  Jet  cooling. 

Indium  Antlmonlde  <11 l>  oriented  crystals  were  Implanted,  ut  room 
temperature ,  with  Zn  lone  to  a  dose  of  Ixto’^cnT^.  The  samples  have 
been  exposed  to  short  time  heating  obtained  by  either  CO?  loner 
orrnngement  by  light  flashes  from  the  Hen t pul 86™  or  to  n  furnace 
annealing  of  400  °C  for  30  mlnutee.  Tompernt'-re  was  varied  for  both  cnees 
in  the  rnnge  of  300-400  °C  with  nominal  hooting  times  kept  Bt.  either  5  or 
10  oeconds.  Samples  for  the  furnace  nnurallng  wore  encapsulated  with 
evaporated  *jOOA  SlOp.  Thin  lnyor  wna  chemically  removed  after  onnenllng. 

Tho  sample  quality  before  and  after  annealing  wan  studied  by  performing 
Rutherford  Backacntterlng  (RBS)  channeling  erporlments  with  3?0  keV 
protons.  Rapreaentatlvc  results  are  shown  In  figure  4  where  the  spectrs  of 
the  chnnneled  protone  scattered  at  an  angle  of  163°  are  shown  following 
both  COp  inner  and  lien tpulee^  (t"10  aoc,  T*400°C)  annealing.  Also 
displayed  are  the  spectra  measured  for  the  virgin  and  as  implanted  samples 
as  well  ns  a  random  spectrum.  Tho  ss  Implanted  spectrum  showe  no  damage 
peak,  Instead  the  implantation  Induced  damngo  reflects  Itself  through  the 
dechonnellng  of  the  probing  beam. 
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fig. 4  (.'limmelod  RBS  spectra  for;  v  1  rgln-(  «) ;  nn  lmpl/mtcd-(  *)  |  laser  nnnsoled 
dOO^Ci  lOnec.  -(r)  | lieu t pu Iso  nnnriiled  400°c  i  lOoec . -(Cl)  |  random-  (0) . 
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Fig.  5  Damage  pro  Pi  Jo  ns  a 
function  of  depth  08 
deduced  (ref.  fl)  from 
the  dnchomiollng  for 
different  annealing 
temps  re  turns : 
equnroo-os  lmplnntedt 
cl  oneee-2flOnCi  lOeecl 
diamond-  320°C:10sec. 


The  dnmago  created  in  InHb  cryatule  by  tbo  Implantation  is  comprised 
raBinly  of  extended  defects.  As  can  be  aeon  from  the  spectra,  Rood  annealing 
could  be  obtained  for  both  techniques  when  the  sample  hne  been  exposed  to 
400°C  for  10  seconds.  The  damage  profile  tins  been  deduced  from  tho 
.  dechsnnollng  of  the  protons  by  the  procedure  described  by  Feldman  end 
nodgors  fill.  Those  net  profiles  nrn  nhown  In  figure  *>.  In  order  to  chock 
whether  tho  annuo  I  Log  holt  caused  me, lor  ohongoo  In  tho  nnnr  surfiicn 
stoichiometry,  Auger  Electron  Spectroscopy  depth  profiling  was  carried  out. 
I  The  rnnulta  of  such  meaaurments  ore  shown  in  figure  6.  As  can  be  seen  from 
!  this  figure  only  tha  topmoat  200A  have  besn  affected  by  the  annealing 
n-ocedure-  i 
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flg.C  Auger  Electron  Spectroscopy  for  CO?  laser  annealed  sample 

(T“400°Cs  KJseo. )  showing  oxldntlon  nnd  stoichiometry  changes 
extending  to  about  200A  from  the  aurfoce 
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DISCUSSION 

Tho  now  method  Tor  short  time  thermal  processing  described  here,  which 
relies  on  indlroct  hen  ting  by  irrndintlon  from  a  CW  COp  laBor,  has 
severnl  nttructlve  fonturos.  Powerful  CO p  loners  ere  readily  available, 
and  offer  on  inexpensive  way  to  convoy  heat  through  windows  which  ore 
transparent  to  the  10.6  micron  radlntion  to  the  sample.  It  can  therefore  be 
easily  upplled  to  samples  kept  at  various  atmoapherea  in  simple  glaso 
container.  The  use  of  the  thermal  mediator  is  simple,  ensures  lateral 
thermal  uniformity  over  the  sample  and  It  inny  Berve  as  a  proximity  cap  to 
supress  the  loss  of  volatile  constituents  of  the  crystal.  The  fact  that  the 
heat  Is  transfered  to  the  sample  through  its  contact  with  an  absorbing 
medium  opens  Interesting  avenues  for  research  on  tho  role  that  the 
direction  of  heat  flow  has  on  the  quality  of  tho  annealing.  In  contrnot  to 
hosting  in  a  furnace  or  in  the  Heatpulao™  instrument,  whore  the  snmplo 
is  placed  inside  a  hot  cuvity  and  la  heated  Bimultoncounly  from  all 
directions,  here  the  heat  flows  through  the  sample  from  the  surface  which 
fuces  tho  loser.  This  face  can  bo  the: implanted  surface  or  the  opposite 
one,  lienee  unnualing  quality  with  the. heat  f) owing  through  the  implanted 
region  into  the  bulk  of  the  crystal,  pr  from  iiiBido  tho  crystal  to  the 
dumuge  crystol -interface  and  then  to  the  surface  can  be  studied,  InSb  is  a 
good  candidate  for  such  studies  because  of  ItB  poor  thermal  conductivity  so 
that  an  appreciable  temperature  gradient  across  the  sample  Is  expected.  We 
have  attempted  such  meaaurments,  in  which  we  have  looked  for  the  dependence 
of  unneal lng  quality  on  irradiation  direction,  but  have  no  conclusive 
results  yet.  The  main  difficulty  being  how  to  ensure  that  the  temperature 
ut  the  lmpluntod  layer  is  tho  same  for  both  irradiation  directions.  The 
quartz  mediator  is,  of  course,  not  essential  for  the  present  technique.  A 
deposited  Si02  layer  on  top  of  the  sample  will  Berve  tho  same  purpose  of 
absorbing  the  10.6  micron  radiation  from  the  CO^  laser  (the  absorption 
coefficient  for  SiOg  is  10^  cm“^ )  and  trnnsfering  it  into  the 
crystal.  It  too  will  serve  as  a  protective  cop,  however,  with  the 
disadvantages  related  to  difflcul ties ! in  deposition  and  removal  of  the 
film.  As  we  have  mentioned  above,  the  technique  is  not  necessarily  limited 
to  low  temperature  thermal  treatment,  und  we  have  also  demonstrated  its 
ussfulnesa  to  Implanted  Si,  however  tho  high  thermal  stress  Involved  in 
unidirectional  high  gradient  heating  will  probably  be  undesirable  due  to 
the  high  internnl  stress  which  must  accompany  it. 

Tho  described  method  needs  refinement  mainly  in  two  points: 
n)  Tho  determination  of  the  real  temperature  nt  the  implanted  surface  is 
problematic  ao  it  depends  on  the  thermal  contact  betwoen  tho  quartz  plate 
and  tho  sample,  and  b)  The  onnonilng  reproducibility  is  hard  to  obtain 
boenuoo  of  inherent  vnrLntlon  in  inner  output.  Tho  first  problem  con  bo 
avoided  by  tho  use  of  mi  absorbing  material  deposited  on  the  onmple  surfaco 
or  by  performing  reliable  hont  transport  calculations  and  assuring 
reproducible  good  contact  between  tho  surfaces.  Tho  socond  can  be  overcome 
by  coroful  and  repetitive  adjustment  of  the  Inner  operating  conditions. 
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Rapid  annealing  of  Hg^Cd^Te  by  Immersion  In  a  hot  mercury  bath 
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.  (Received  16  June  1987;  accepted  Tor  publication  13  August  1987) 

A  simple  technique  Tor  annealing  ion  implanted  llg,  _,Cd,Te  in  a  mercury  atmosphere  has 
been  developed.  In  this  technique,  llg,  _,Cd,Te  is  sandwiched  between  two  silicon  wafers  and 
■  •  ■  immersed  in  a  hot  mercury  bath.  This  permits  rapid  annealing  at  well  defined  temperatures 

and  limes,  indium-implanted  llg,  _„Cd„Te  {x  =  0.23  andx  =  0.7)  samples  have  been 
annealed  using  this  method  at  temperatures  ranging  from  260  to  330  *C  and  for  times  ranging 
from  3  s  to  I  h.  The  near  surface  crystalline  quality,  as  measured  by  ion  channeling,  improved 
afler  annealing  and  was  comparable  to  that  obtained  by  other  annealing  techniques.  No  change 
In  surface  stoichiometry,  as  measured  by  pmticle-lnduced  x-rny  emission,  was  delected  in  the 
Ugo.riCd,,  jjTe  Samples. 


The  doping  of  IlgCdTe  by  ion  Implantation  relies  on  the 
n+  layer  formed  a*  a  result  of  implantation  damage,  rather 
than  on  the  activation  of  the  dopant  atoms.  By  retying  on  the 
damage  produced  during  Implantation,  many  of  the  advan¬ 
tages  that  ion  beam  implantation  offer  are  lost  (i.e.,  control 
of  the  junction  depth  and  the  doping  level).  Attempts  at 
annealing  IlgCdTe  have  been  complicated  by  the  loss  of 
mercury  which  occur*  during  even  moderate  heating  in  a 
vacuum  or  In  an  inert  atmosphere.  Published  values  for  the  ' 
loss  rate  of  mercury  a*  a  function  of  annealing  time  and  tem¬ 
perature  predict  an  almost  complete  depletion  in  the  top  few 
.hundred  angstrom*  following  a  1-min  anneal  at  350  *C.' 

,  Since  mercury  vacancies  act  as  acceptors  in  n-type  material,* 
a  loss  of  10'*  llg/cm*  is  usually  enough  to  convert  the  semi¬ 
conductor  surface  from  n  type  to  p  type.  Therefore,  capping 
layers,  annealing  (n  a  mercury  atmosphere,  or  rspid  anneal¬ 
ing  with  incoherent  light  Sources  or  cw  lasers,  have  been 
attempted.*"*  Crystalline  quality  has  been  found  to  Improve 
with  all  of  the  above  methods.  Realization  of  a  p-an-n  photo¬ 
diode  by  the  partial  activation  of  p-type  dopants  has  been 
reported  following  short  duration  CO,  laser  annealing7;  and 
successful  p-type  dopant  activation  after  capped  furnace  an¬ 
nealing  has  also  been  reported,  Indicating  that  the  damage- 
related  n-type  activity  was  removed.*  In  the  present  work, 
we  have  developed  a  new  technique  to  anneal  ion  implanted 
i  Igi  _ ,  Cd,  Te,  with  the  objective  of  removing  the  implanta¬ 
tion-induced  damage  without  altering  the  surface  stoichiom¬ 
etry.  The  advantages  of  this  capless  annealing  technique  are 
its  simplicity  and  (he  possibility  for  short  time  anneals  ( - 1 
s)  with  accurate  time  and  temperature  control. 

Single  crystals  of  HgortCdojjTe  and  Hgo  wCd070Te 
oriented  in  the  (1 1 1)  direction  were  mechanically  polished 
and  etched  in  a  bromine-methanol  solution  prior  to  ion  im¬ 
plantation.  Implantation  of  300  keV  ln+  ions  at  a  dose  of 
1  X  lO'Vcm1  was  carried  out  at  room  temperature.  To  avoid 
sample  heating,  the  current  density  of  the  beam  was  kept 
below  0.1  /iA/cm1.  The  projected  range  and  straggling  Tor 
such  implantations  are  850  and  450  A,  respectively.  During 
mplantation,  half  of  each  sample  was  covered  for  later  com¬ 
parison  and  for  the  evaluation  of  the  effects  or  thermal  treat¬ 
ments  on  unimplanted  material.  Annealing,  following  im¬ 
plantation,  was  carried  out  in  a  newly  designed  apparatus 


which  is  sketched  in  Fig.  1.  A  Pyrex  flask,  partially  filled 
willi  pure  mercury,  was  heated  to  260-350  ’C.  The  tempera¬ 
ture  was  measured  by  immersing  a  mercury  thermometer 
into  the  bath,  and  vapors  were  prevented  from  escaping  by 
attaching  a  water-cooled  condenser  to  the  top  of  the  fiask. 
The  IlgCdTe  sample,  sandwiched  between  two  polished  sili¬ 
con  wafers,  was  lowered  into  the  mercury  bath  for  the  de¬ 
sired  annealing  limes.  As  mercury  does  not  wet  the  surfaces 
of  either  I  IgCdTe  or  silicon,  II  could  not  enter  the  small  gaps 
between  the  wafers.  Hence,  liquid  mercury  never  came  into 
direct  contact  with  the  IlgCdTe  surface,  yet  a  mercury 
overpressure  at  the  surface  was  maintained.  Since  the  bath 
temperature  was  accurately  measured,  as  was  the  dipping 
time,  rapid  annealing  at  well  defined  temperatures  and  times 
was  possible.  Decause  of  the  high  thermal  conductivity  of 
liquid  mercury  and  the  small  heat  capacity  or  the  sample 
assembly,  a  nearly  instantaneous  temperature  rise  (less  than 
100  ms)  to  the  temperature  of  the  bath  could  be  achieved. 

Samples  were  immersion  annealed  for  times  ranging 
from  3  s  to  I  h  at  temperatures  from  260  to  350 ’C.  The 
reduction  or  defects  as  a  result  of  thermal  treatment  was 
evaluated  by  ion  channeling  in  the  ( 1 1 1 )  direction  using  320 


annealing  apparatus 
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keV  protons.  Figure  2  shows  a  typical  set  of  channeling  spec¬ 
tra  before  and  after  annealing  I  lg*„  Cd„ , ,  T e  for  30  s  at  var¬ 
ious  temperatures.  Random  and  channeled  spectra  for  a  vir¬ 
gin  crystal  are  also  shown.  The  quality  of  the  unlmptaiiled 
sample  can  be  determined  Horn  the  ratio  or  the  channeled 
virgin  spectrum  to  the  random  virgin  spectrum  at  the  surface 
(Ami.).  Spectra  2(a)  and  2(b)  yield  a  value  for  A'mii.  of 
10.5%.  Implantation  of  Indium  results  In  a  gradual  dechan¬ 
neling  which  Is  typical  for  damage  In  IIgn  )jCdonTe  (spec¬ 
trum  2(c)  J.  The  width  orthls  dechanneling  region  Indicates 
that  extended  defects  *re  pretent  to  a  depth  of 2700  A,  which 
is  three  times  the  projected  ion  range.  The  effects  of  thermal 
treatment  on  the  Implanted  sample  are  shown  In  spectra 
2(d)  and  2(e),  corresponding  to  annealing  temperatures  of 
260  and  350  *C,  respectively.  Doth  of  these  spectra  ate  com¬ 
parable  to  those  obtained  by  other  rapid  annealing  tech¬ 
niques.  Channeling  spectra  from  the  unlmplanted  region  re¬ 
mained  the  same  after  annealing. 

The  near  surface  stoichiometry  of  IlgCdTe  was  deter¬ 
mined  by  measuring  the  characteristic  x  rays  excited  by  low- 
energy  protons  (PlXE).To  the  first  order,  changes  in  the  x- 
ray  yields  were  proportional  to  changes  in  the  relative 
amounts  ofllg,  Cd,  and  Te.  A  PIXE spectrum  taken  from  a 
Hgo.»»Cd0.„Te  sample  after  annealing  for  30  s  at  280  *C  is 
shown  in  Fig.  3.  The  peak4  corresponding  to  the  L  groups  of 
Cd  and  Te,  and  the  M  group  of  Mg  are  well  resolved.  This 
spectrum  was  taken  with  340  keV  protons  which  probe  an 
effective  depth  of  3600  A.  A  number  of  spectra  were  taken 
with  different  proton  energies  in  order  to  probe  the  composi¬ 
tion  at  various  depths.  These  data  are  represented  in  Fig.  4 
where  the  ratios  of  the  tig  to  Te  x-ray  yields  are  plotted  as  a 
function  of  energy  for  both  the  virgin  and  annealed  samples.. 
The  fact  that  these  yields  are  nearly  identical  indicates  that 
the  surface  stoichiometry  remained  constant  to  within  the 
statistical  error  of  ±  3%.  The  relationship  between  proton 
energy  and  effective  depth  is  also  shown  in  Fig.  4,  and  was 
calculated  by  taking  into  account  the  proton  energy  loss  and 
x-ray  ionization  cross  sections  as  a  function  of  energy,  and 
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PIO.  2  ton  channeling  tpectri  or  tig,,  „Cd,,|  Ter  (•)  virgin,  random  direc¬ 
tion;  (b)  virgin,  aligned  direction;  (e)  Implanted,  unanneated;  (d)  Implant¬ 
ed.  annealed  for  30  a  *1  260  *Cj  (c>  '-'slanted,  annealed  for  30  a  at  3)0‘C. 
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FtO.  3.  Parliete  lnduced  a-ray  vpectra,  taken  with  200  IteV  proton],  of 
!lgn„Cd,„Te  alter  annealing  for  30 1  at  260 ’C. 


the  x-ray  attenuation  factor  as  a  function  or  depth.  Since  the 
mean  depths  probed  at  a  given  energy  are  slightly  different 
for  each  element,  the  effective  depth  was  defined  as  the  aver¬ 
age  of  the  three  mean  depths.  FIXE  measurements  taken  on 
Hgo  wCd0,0Te  before  and  after  annealing  for  5  min  at 
310 ‘C  clearly  showed  excess  mercury  extending  thousands 
of  angstroms  into  the  crystal.  It  is  not  clear  at  the  present 
time  whether  this  penetration  was  due  to  the  much  longer 
annealing  time  and  higher  temperature,  the  differing  sample 
stoichiometry,  or  other  basic  differences  between  the  crys¬ 
tals.  .  .  . .  - 
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FIO.  4,  Ratio  of  the  mercury  lo  tellurium  a-tay  yield]  for  Hgn„CdaltTe 
before  »nd  niter  •nnenllngfor  30 ml  260  "C.  The  FIXE  yield]  are  plotted  M 
■  function  of  the  Incident  proton  energy.  The  curve  through  the  dalt  point] 
b  lo  guide  the  eye. 
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Optical  micrographs  of  the  surface  taken  before  am! 
after  annealing  shower!  that  good  surface  morphology  was 
maintained.  The  surface  of  the  annealed  sample  remnlued 
smooth,  although  a  low  density  ( ~  1000/cm1)  of  pits  2-3 
/im  hi  diameter  was  observed.  It  Is  probable  that  the  pitting 
was  caused  by  condensation  of  mercury  vapor  on  the  sur¬ 
face.  ‘ 

In  summary,  we  describe  a  new  and  simple  apparatus 
for  annealing  IlgCdTe.  The  advantages  of  this  technique  are 
that  short  time  (~  I  s)  capless  anneals  in  a  nietcury  atmo¬ 
sphere  at  well  defined  temperatures  and  times  are  possible.  It 
was  demonstrated  that  immersion  annealing  can  restore  the 
crystallinity  of  Indium  implanted  HgorrCdonTe,  maintain 
the  nenr  surface  stoichiometry,  and  preserve  the  surface 
mori  'iology.  . .  . 

The  authors  would  like  to  thank  C.  Uzan  for  many  help¬ 


ful  discussions.  One  of  us  (R.  Fastow)  acknowledges  the 
support  of  The  Lady  Davis  Fellowship  Trust.  Tills  research 
was  supported  by  the  U.S.  Army  (contract  No.  DAJA45- 
86-C-OOII). 

'K.  C.  Dimlduk,  W.  0.  Opyd,  I.  F.  Gibbon,,  T.  W.  Sigmon,  T.  J.  Magee, 
and  R.  D.  Ormond.  J.  Vac.  Scl.  Technol.  A  I,  1661  ( I9S3). 

’C.  I..  Jones,  M.  J.  T.  Quelch,  P.  Capper,  end  J,  J.  Oomey,  J.  Appl.  Thy*.  S  J, 
90SO  (  1982). 

’O.  Dahlr,  R.  Kallrh,  and  Y.  Nemlroviky,  Appl.  Thya.  Lell.  41,  1057 
l IMS).  . . . 

*r.-M  Kao  imd  T.  W.  Sigmon.  Appl.  Phyi.  Lett.  49,  464  ( I9S6). 

’J.  tlaars,  A.  Ilnnle,  W.  Rotliemund,  C.  R.  Ftlliche,  and  T.  Jakobui,  J. 
Appl.  Phys.  S3,  1461  (1913). 

*K.  L.  Conway,  W,  a.  Opyd,  J.  F.  Olbboni,  and  T.  W.  Sigmon,  Nuel.  In- 

strum.  Methods  709/710,  651  t  I9S3) .  •  - 

’R.  Kalisli  and  O.  tlablr,  J.  Cryil.  Otowtlt  77,  474  ( 19*5). 

*11.  Ryiiel,  <1.  I.ang.  J.  P.  nieriack,  K.  Muller,  and  W.  Kroger,  IEEF. 
Irani.  Electron  Devices  ED-77,  5*  (1980). 


1100 


Appl  Plrya  Ult.Vot  SI.No  IS,  IJOelohnr  1907 


KnNtlt  rif  it/, 


tieo 


